Control, Dynamics, and Kinetics of Gas Exchange at the Onset and Offset of Treadmill Exercise in the Pony (Oxygen Deficit, Debt, Ventilatory, Isocapric Hyperprea, Blood). by Powers, Scotty Kline
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1985
Control, Dynamics, and Kinetics of Gas Exchange
at the Onset and Offset of Treadmill Exercise in the
Pony (Oxygen Deficit, Debt, Ventilatory, Isocapric
Hyperprea, Blood).
Scotty Kline Powers
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Powers, Scotty Kline, "Control, Dynamics, and Kinetics of Gas Exchange at the Onset and Offset of Treadmill Exercise in the Pony
(Oxygen Deficit, Debt, Ventilatory, Isocapric Hyperprea, Blood)." (1985). LSU Historical Dissertations and Theses. 4150.
https://digitalcommons.lsu.edu/gradschool_disstheses/4150
INFORMATION TO USERS
This reproduction was made from a copy of a manuscript sent to us for publication 
and microfilming. While the most advanced technology has been used to pho­
tograph and reproduce this manuscript, the quality of the reproduction is heavily 
dependent upon the quality of the material submitted. Pages in any manuscript 
may have indistinct print. In all cases the best available copy has been filmed.
The following explanation of techniques is provided to help clarify notations which 
may appear on this reproduction.
1. Manuscripts may not always be complete. When it is not possible to obtain 
missing pages, a note appears to indicate this.
2. When copyrighted materials are removed from the manuscript, a note ap­
pears to indicate this.
3. Oversize materials (maps, drawings, and charts) are photographed by sec­
tioning the original, beginning at the upper left hand comer and continu­
ing from left to right in equal sections with small overlaps. Each oversize 
page is also filmed as one exposure and is available, for an additional 
charge, as a standard 35mm slide or in black and white paper format.*
4. Most photographs reproduce acceptably on positive microfilm or micro­
fiche but lack clarity on xerographic copies made from the microfilm. Fbr 
an additional charge, all photographs are available in black and white 
standard 35mm slide format. *
•For more information about black and white slides or enlarged paper reproductions, 






Pow ers, S co tty  Kline
CONTROL, DYNAMICS, AND KINETICS OF GAS EXCHANGE AT THE ONSET 
AND OFFSET OF TREADMILL EXERCISE IN THE PONY
The Louisiana State University and Agricultural and Mechanical Col. Ph.D. 1985
University
Microfilms
International 300 N. Zeeb Road, Ann Arbor, Ml 48106

PLEASE NOTE:
In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this docum ent have been identified here with a  check mark .
1. Glossy photographs or pag es_____
2. Colored illustrations, paper or print______
3. Photographs with dark background_____
4. Illustrations are poor copy______
5. Pages with black marks, not original copy______
6. Print shows through as there is text on both sides of page
7. Indistinct, broken or small print on several pages i /
8. Print exceeds margin requirements______
9. Tightly bound copy with print lost in sp ine_______
10. Computer printout pages with indistinct print______
11. Page(s)____________ lacking when material received, and not available from school or
author.
12. Page(s)____________ seem to be  missing in numbering only as text follows.
13. Two pages num bered . Text follows.
14. Curling and wrinkled pages______






CONTROL, DYNAMICS, AND KINETICS OF GAS EXCHANGE 
AT THE ONSET AND OFFSET OF TREADMILL EXERCISE 
IN THE PONY
A Dissertation 
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 




The Interdepartmental Program in Veterinary Medical Sciences
(Physiology Major)
by
Scotty K. Powers 
B.S., Carson Newman College, 1972 
M. Ed., University of Georgia, 1973 




for the years 
of understanding, patience, and love '
ii
ACKNOWLEDGEMENTS
I would like to extend special thanks to my major professor, Dr.
Ralph E. Beadle, for his continued support and friendship over the past
four years. His encouragement, suggestions, and deep concern made these 
experiments possible.
1 would like to express appreciation to Drs. C.S. Venugopalan and
Harold Silverman for giving so much of their time during my graduate
study at LSU.
Further, I would like to express my thanks to Drs.'Charles Short and 
M. Pat Crawford for their contribution to the completion of this work.
Finally, I offer a special debt of gratitude to John Lawler, Dixie 
Thompson, and Judy Fawlusiow for their technical assistance during the 






TABLE OF CONTENTS............................................... iv
LIST OF TABLES.................................................. vli
LIST OF FIGURES.............. viii
ABSTRACT........................................................ xi
Chapter
I. INTRODUCTION..........................................  I
REVIEW OF LITERATURE..................................  2
VENTILATORY CONTROL DURING EXERCISE..............  3
PHENOMENOLOGY OF EXERCISE VENTILATION.......  4
MAN....................................  4
ANIMALS................................  6
THEORIES OF VENTILATORY CONTROL.............  7
AFFERENT NEUROGENIC CONTROL............  8
EFFERENT NEUROGENIC CONTROL............  13
HUMORAL CONTROL OF HYPERPNEA BY C02..... 15
NEURAL-HUMORAL HYPOTHESIS..............  20
CONCLUSIONS.................................  22
DYNAMICS OF PULMONARY GAS EXCHANGE DURING EXERCISE.23
INTRODUCTION................................  23
BIOENERGETICS AND GAS EXCHANGE IN SKELETAL
MUSCLE......................................  24
OXYGEN UPTAKE IN MUSCLE................  24
iv
PULMONARY GAS EXCHANGE DURING EXERCISE...........  27
INTRODUCTION................................  27
o 2uptake MEASURED VIA PULMONARY GAS
EXCHANGE....................................  28
C02 OUTPUT MEASURED VIA PULMONARY
GAS EXCHANGE................................  31
OXYGEN DEFICIT-DEBT RELATIONSHIPS DURING
EXERCISE........................................  32
REFERENCES............................................  35






III. VENTILATORY AND BLOOD GAS DYNAMICS AT THE ONSET AND OFFSET
OF EXERCISE IN THE PONY...............i.................... 73





iv. o2 deficit-o2 DEBT RELATIONSHIP IN PONIES DURING TWO LEVELS
OF MUSCULAR EXERCISE........................................101






V. RESPIRATORY GAS EXCHANGE KINETICS IN TRANSITIONS FROM REST











1. Effect of gas pulse rate on the time required for the gas 
analyzers to reach a plateau.............................. 62
2. Comparison of VOg time constants between techniques for 
measurement of gas exchange..............................  66
Chapter III
Table Page
1. Changes In arterial pH, HCO,, lactate, and PaO^ during
the experiments.......................................  84
Chapter IV
Table Page
1. Means ± SEM for 09 deficit and 0„ debt during two levels
of exercise............................  109
2. Means ± SEM for the half-times of VO- at the onset and
offset of exercise..........................................Ill
3. Mean ± SEM for %Sa02» Pa02» and a?terial concentrations for 
2-3 DP6 at rest, exercise, and post-exercise................. 116
Chapter V
Table Page
1. Least squares summary for goodness of fit of models used
to determine 0^ kinetics.... .............................. 136
2. Least squares summary for goodness of fit of models used to 
determine VCOg kinetics.....................................137
3. Least squares summary for goodness of fit of models used to
determine V_. kinetics. .................................138£
4. Least squares summary for goodness of fit of models used to 
determine heart rate kinetics...............   ...139
5. Half-times for VO^, VC0-, V_ AND HR during the transition





1. Time course of ventilation at the onset of exercise.... 5
2. Cross circulation experiment of Kao using two
animals...............................................  9
3. Cross circulation experiment of Kao using three
animals...............................................  10




1. Equipment used for measurement of gas exchange......... 56
2. Relationship between flow and time for the gas
analyzers to reach a plateau.......................  61
3. Relationship between flow and volume of gas required
for the gas analyzers to reach a plateau..............  63
4. Relationship between VO. calculated by open-circuit
techniques and Douglas bag procedures in exercising 
humans......................................      64
5. Difference in VO^ values calculated via mixing chamber
techniques and Douglas bag procedures in exercising 
ponies.............................................   65
6. Relationship between VO. calculated by mixing chamber
techniques and Douglas bag procedures in exercising 
ponies................................................  67
/ •7. Difference between mean V0„ calculated via the mixing
chamber technique and Douglas bag procedure in 
exercising ponies.....................................  68
Chapter III
Figure Page
1. Changes in PaCO^ during exercise and recovery.......... 81
2. Changes from rest in PaCO. during exercise and
recovery..............................................  82
viii
3. Changes in and during exercise and recovery....... 85
4. Alterations in VCO^ during exercise and recovery........ 86
5. Changes in respiratory rate, tidal volume, and dead 
space/tidal volume ratio during exercise and recovery.. 87
6. Effects of wearing mask-valve breathing system on
PaCOg during exercise and recovery....................  89
7. Effect of sham exercise on V„ and HR................... 90b
Chapter IV
Figure • Page
1. Changes in VO^ at onset and offset of exercise......... 110
2. Relationship between steady-state V0„ and 0. deficit
in ponies.................................  112
3. Relationship between steady-state VO. and 0_ debt
in ponies  ........................................113
4. Changes in arterial 0^ content and blood hemoglobin 
concentration during exercise and recovery in ponies...114
5. Changes in heart rate at the onset and offset of
exercise in ponies.....................................117
Chapter V
Figure „ * Page
1. A schematic of the two experimental protocols used to
study the temporal pattern of gas exchange during 
exercise...............................................133
2. An illustration of goodness of fit of model 2 to VOg
data during the transition from rest to exercise....... 141
3. An illustration of goodness of fit of model 2 to VC0„
data during the transition from rest to exercise....... 142
4. An illustration of goodness of fit of model 2 to 
data during the transition from rest to exercise, ,143
5. An illustration of goodness of fit of model 2 to 
heart rate data during the transition from rest to 
exercise...............................................144
6. Temporal pattern of V0^ during exercise in the two 
experimental protocols.................................145
ix
7. Changes in VCO. during exercise in the two 
experimental protocols.................................1A6
8. Temporal pattern of V during exercise in the two 
experimental protocols...................  1A7




The purpose of experiment one was to develop and validate an open 
circuit technique (OCT) employing a mixing-chamber for measurement of gas 
exchange during non-steady-state exercise in humans and ponies. Serial 
measurements of oxygen uptake (VO^) using human subjects and ponies were 
made during rest to exercise transitions using the OCT incorporating a 
time delay to match, mixed expired gas concentrations with the appropriate 
ventilatory volume. Oxygen uptake calculated by the OCT did not differ 
significantly (P > 0.05) from V02 obtained by Douglas bag procedures.
These., data demonstrate that an OCT analysis system is a sensitive means
of VO^ measurement in the non-steady-state.
Experiment two analyzed arterial carbon dioxide tension (PaCO^) 
dynamics at the onset and offset of exercise in ponies. PaC02 decreased 
(P < 0.05) below resting values within 1-min after commencement of 
exercise and remained lower than resting values through min-4 of
exercise. At the termination of exercise PaCO^ increased significantly 
(P < 0.05) above rest within min 2-3 of recovery. These data suggest 
that alveolar ventilation and C02 flow to the lung are not tightly
matched at the onset and offset of exercise and thus do not support the 
C02 hypothesis of ventilatory control in this species.
Experiment three examined the 02 deficit-02 debt relationship in 
ponies at two 'levels of treadmill exercise. The 02 deficit was 
significantly lower (P < 0.05) than the 02 debt at each of the two work
xi
rates. Further, the size of 0^ deficit and 0^ debt increased 
significantly (P < 0.05) with an increase in work rate. These data 
suggest a huroan/pony species difference in the 0£ deficit- 0 2  debt 
relationship.
The purposes of experiment four were to examine gas exchange 
kinetics in the pony from rest to exercise and during a work-to-work 
transition. The kinetic responses of expired ventilation, expired carbon 
dioxide, and heart rate were unaffected (P > 0.05) by exercise intensity 
or recent exercise history. Further, with similar metabolic increments, 
the rate of oxygen uptake (.^0^) adaptation from rest to exercise was not 
significantly different (P > 0.05) from the VO2  time course during 
work-work transitions. In contrast, the VO2  half-times were 
significantly greater (P < 0.05) during the transition from rest to 
exercise at a moderate work rate when compared to a lower work load.
xii
Chapter I
INTRODUCTION AND REVIEW OF LITERATURE 
RELATIVE TO VENTILATORY CONTROL DURING EXERCISE 
AND GAS EXCHANGE KINETICS 
AT THE ONSET AND OFFSET OF EXERCISE
INTRODUCTION
Interest in the equine athlete has grown tremendously over the past 
ten years. However, despite the increase in interest, many areas of 
equine work physiology have not been adequately investigated. This is 
particularly true in the area of respiratory physiology. Two areas of 
research that are noticeably absent from the literature are 1) data 
describing the oxygen deficit/debt relationship in equine species and 
2) a quantitative description of blood gas alterations and ventilatory 
kinetics at the onset and offset of exercise.
The studies presented in Chapters II, III, IV, and V represent 
research efforts aimed at examining the dynamic behavior of ventilation 
and gas exchange during non-steady-state exercise transients in ponies. 
These Investigations appear justified for several reasons. At present, 
there are few laboratories in the United States equipped with the instru­
ments necessary to make measurements of ventilatory and gas exchange 
adaptations in large animals. This probably explains, at least in part, 
the paucity of data in the area. Further, most of the existing data on 
ponies have focused on ventilation and oxygen uptake during steady-state 
exercise. This is unfortunate, since much of our present knowledge about 
the physiology of exercise in man is derived from studies of physiologi­
cal changes occurring during the unsteady states following the onset or 
offset of exercise. In order to develop a better understanding of the
1
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response and adaptations of the pony to exercise stress, research should 
be performed that examines pulmonary alterations at the beginning and end 
of exercise. Data derived from experiments of this nature would add 
greatly to our understanding of the dynamic patterns of 
metabolic/pulmonary responses to exercise In the pony. Accordingly, the 
specific objectives of this work can be summarized as follows:
1. To develop methods for continuous measurement of gas exchange In the 
non-steady-state In humans and ponies using computerized 
open-circuit spirometry.
2. To test the CO2  flow hypothesis of ventilatory control via a charac­
terization of the temporal pattern of blood gas alterations at the 
onset and offset of exercise in ponies.
3. To elucidate the oxygen deficlt-oxygen debt relationship in ponies 
at two levels of muscular work.
4. To examine the kinetics of ventilation and gas exchange in ponies in
the transition from one submaximal workload to another higher
workload.
REVIEW OF LITERATURE
Due to the nature of this investigation, the review of literature 
will be divided into two major sections. The first section will survey 
research that deals with ventilatory control in the transition’from rest 
to work. The second portion of the review will focus on the kinetics of
gas exchange at the onset and offset of exercise along with a brief
discussion of the concept of an oxygen deficit/debt.
3
VENTILATORY CONTROL DURING EXERCISE
Introduction
The observation that ventilation increases upon exercise must surely 
have been one of the earliest observations of physiological function. 
Although much research has focused upon respiratory function during work, 
considerable confusion exists as to what mechanisms are responsible for 
control of exercise hyperpnea. A major factor which hampers the resolu­
tion of this problem is the lack of agreement among investigators as to 
the characteristic pattern of ventilatory and gas exchange responses to 
work (Whipp, 1981). Therefore, this review considers exercise hyperpnea 
during the transition from rest to work in both phenomenological and 
control contexts. An attempt will be made to present the major schools 
of thought relative to ventilatory control in a critical manner and, when 
possible, draw conclusions about the mechanisms which regulate breathing 
during work. The discussion is limited to the ventilatory response of 
normal animals and man exercising under laboratory conditions at sea 
level.
Ventilatory requirements during exercise appear to be related to 
both the rate of metabolic gas exchange and acid base status of the 
exercising subject/animal. Since heavy exercise results'' in greater 
production of lactate than exercise at a moderate work rate, these two 
exercise intensities should be considered separately when discussing 
ventilatory control. This review focuses upon control of exercise 
hyperpnea during the transition from rest to work at light to moderate 
work rates. Light to moderate exercise will be defined as work rates 
which can be performed without a sustained or systemic rise in arterial 
blood lactate (i.e. below the anaerobic threshold (AT)).
4
Phenomenology of Exercise Ventilation 
Phenomenology: Man
The use of computers to characterize the breath-by-breath 
ventilatory response during muscular exercise in man has provided new 
insights into ventilatory behavior patterns. The general pattern of the 
expired ventilatory (Vg) response from rest to exercise (i.e. constant 
load, square wave work) can be described in three phases (Vasserman et 
al., 1981). Phase I is defined as the fast or rapid increase in ventila­
tion at the onset of work (Figure 1). This first phase of ventilatory 
increase may begin with the first breath after the commencement of 
exercise. This level of ventilation is often sustained for several 
breaths before Vg slowly increases toward steady-state. During Phase II 
a rise in ventilation occurs beyond the immediate response and continues 
until the steady-state amplitude (Phase III) is reached.
Figure 1 represents an idealized description of man's ventilatory
response based on the observations of several investigators (Krogh and
Lindhard, 1913; Asmussen and Nielson, 1948; Comroe and Schmidt, 1943;
Flandrois et al., 1967). The magnitude and the uniformity of immediate
increase in Vg (Phase 1) are in dispute. Some investigators report a
large immediate increase in Vg at the onset of work (Krogh and Lindhard,
1913; Asmussen and Nielson, 1948; D'Angelo and Torelli, 1971; Jensen,
1972), while others do not find the rapid rise in V„ to be a universal£
response (Beaver and Vasserman, 1970; Vasserman et al., 1975; Jensen et 
al., 1972; Pearce and Milhom, 1977).
Vasserman et al. (1981) have suggested that the differences reported 
in the literature for the ventilatory response at the onset of work in 
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Figure 1. Schematic representation of the time coiirse of ventilation 
at the onset of exercise. The abbreviation "C" represents the 
ventilation at rest (i.e. control) while I, II, III represent the three 
phases of ventilatory response to exercise.
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subject* 2) fitness levels of subjects studied, 3) type and magnitude of 
exercise, and 4) nature of the command to start work. In general, 
Dejours (1964) has suggested that in well controlled studies the 
magnitude of ventilation in Phase I is independent of the work rate and 
that the fraction of the steady-state V_ that can be accounted for by 
Phase I decreases with increases in work rate. . Further, the ventilatory 
response at the onset of work is very reproducible from day to day with a 
time constant of approximately 60 seconds (Beaver and Vasserman, 1970; 
Vasserman et al., 1974; 1975; Powers et al., 1985). Therefore, if the 
subject has a small Phase I response, this will be reproduced in repeti­
tive experiments. The reasons behind subject differences in the magni­
tude of the Phase I response are unknown.
Phenomenology: Animals
Vhile the dog has been used extensively as a model for studying 
respiratory control during work, other sp.ecies that have been used to 
investigate exercise hyperpnea include the cat, rat, goat, baboon, and 
pony. Much of the existing data, obtained from anesthetized animal 
preparations, are difficult to interpret due to the effect of anesthesia 
on the respiratory control center. However, recent work using conscious 
dogs and ponies has provided a start toward characterization of the 
ventilatory responses at the onset of work in these species.
Szlyk et al. (1981) using tracheotomized dogs described the increase 
in ventilation at the onset of exercise as conforming to a time course 
similar to that described for man. The ventilation increased abruptly at 
the onset of exercise and following a short time delay the ventilation
7
continued to increase, but more slowly, finally attaining a stable 
plateau. Further, the authors suggested that no consistent relationship 
existed between the Intensity of the workload and the magnitude of the 
"initial" (Phase X) ventilatory component. Recently, Flavier et al. 
(1983) using conscious dogs have reported similar findings concerning the 
ventilatory pattern in the transition from rest to exercise.
Forster et al. (1983) have suggested that ventilation does not
increase in a monoexponential manner at the onset of exercise in ponies
as it does in dogs and humans. However, this group did not provide a
mathematical model to support their claim. In addition, these authors
reported that animals breathing normoxic gas mixtures did not reach a
steady-state ventilatory response during submaximal exercise. A later
publication from the same laboratory suggested that during light exercise
• •ponies reach a steady-state for Vg while Vg tended to drift upward at 
higher submaximal work rates (Pan et al., 1984). Unfortunately, these 
are the only data available concerning the temporal patterns of Vg during 
constant load exercise in ponies. Additional research is warranted to 
clarify the temporal pattern of Vg at the onset of exercise in the pony.
Theories of Ventilatory Control
Although there have been countless numbers of theories proposed over 
the last 50 years to account for exercise hyperpnea, at present, there 
appear to be four major hypotheses. The hypotheses proposed to describe 
control of exercise hyperpnea range from a single stimulus pathway (i.e. 
either neural or humoral) to a combination of stimuli (i.e. both neural 
and humoral). This review will attempt to elucidate the key historical 
evidence as well as recent data that support each of the major hypotheses
8
concerning the mechanisms of ventilatory control in the transition from 
rest to exercise.
Afferent Neurogenic Control
A classic series of experiments performed by Kao in the early 1960*8
proposed that virtually all of exercise hyperpnea is neurogenic and
originates in exercising limbs. Using dogs as the experimental model,
Kao used parabiosis, a cross-circulation technique to study ventilatory 
control. The hind limbs of an anesthetized dog (neural dog) were caused 
to contract by electrical stimulation during cross-perfusion with blood 
from the hind limbs of a resting dog (humoral dog), and the venous
effluent from the exercising neural dog's limbs was returned to the 
resting humoral dog (Figure 2). The results revealed a small increase in 
ventilation in both dogs. However, amplitude of the hyperpnea was small 
in each animal when compared to control experiments. During the course 
of experiments the neural dog had become hypocapnic due to increased 
ventilation without an increase in CO^ production to refill the blood. 
Kao reasoned that this effect could have restrained the magnitude of the 
ventilatory response. To correct this problem, a third dog was added to 
the experimental preparation to supply isocapnic blood to the head of the 
neural dog (Figure 3). This resulted in increased ventilation in the 
neural dog similar to that normally observed in intact anesthetized dogs 
with such exercise. Kao concluded that in the absence of humoral drive 
to chemoreceptors, neurogenesis appeared capable of sustaining the entire 
exercise hyperpnea. These results provide the most powerful support for 
afferent neurogenic control of work hyperpnea (Hasserman et al., 1981). 
Unfortunately, these experiments have not been repeated and thus serve as 
the only cross-circulation data available on this topic.




Figure 2. Schematic representation oE the cross circulation experiment 
of Kao using two animals. See text for details. Redrawn from Kao (1963)
SUPPORTING DOG NEURAL DOG HUMORAL DOG




Figure 3. Schematic representation of the cross circulation experiment 
of Kao using three animals. See text for details. Redrawn from Kao (1963).
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Tibes (1977) induced exercise in anesthetized dogs by electrical 
stimulation of intact peripheral nerves to the animal's hind limbs. The 
stimulus parameters were designed to stimulate motor efferents without 
directly exciting the sensory afferents. After the normal ventilatory 
response had been established, the afferent neural traffic was centrally 
blocked by cooling the nerve. Ventilation increased slowly upon exercise 
under these conditions and reached an amplitude of approximately 20 
percent of the control response. Tibe's conclusions were similar to Kao. 
That is, exercise hyperpnea is mediated primarily via afferent neural 
feedback from the working muscle.
Recently, Bennett (1984) -has demonstrated that the ventilatory
response to electrically Induced exercise in anesthetized dogs in which
the neural pathways from the exercising limbs to the central nervous
system had been severed is a hypercapnic hyperpnea. The author concluded
«
that humoral pathways alone cannot produce the isocapnic hyperpnea that 
is typical of the intact animal and thus neural pathways must be impor­
tant. A general criticism of all three of these experiments is that the 
COg responsiveness of both central and peripheral chemoreceptors was 
probably affected by the use of barbiturate anesthesia. Therefore, the 
role of humoral agents acting upon chemoreceptors might have been masked 
in these preparations.
Nielson and Asmussen (1963) were the first investigators to show 
that neural factors were Important in controlling exercise hyperpnea in 
man. They reasoned that if the increase in ventilation were mediated by 
substances produced in working muscles and acting upon distant 
chemoreceptors, then the hyperpnea would diminish if venous return of 
these substances were blocked via a pneumatic cuff on the legs of the 
exercising subject. When venous return from the exercising muscles was
12
reduced, ventilation did not change. They concluded that the hyperpnea 
of exercise must be of nervous origin brought about either by irradiation 
from the motor cortex or due to reflexes from the exercising limbs.
The origin of the afferent neurogenic drive of ventilation during 
work is still under debate. Several authors have proposed that stimu­
lation of Type I and II hindlimb afferents (including those from Golgi 
tendon organs and muscle spindles) results in a rapid Increase in ven­
tilation (Bessou et al., 1959; Koizumi et al., 1961; Senapati, 1966). 
Gautier et al. (1969) infused 60-70 mg doses of succinylcholine (a drug 
previously demonstrated to stimulate muscle spindles at those doses) into 
the abdominal aorta in anesthetized cats. They observed an increase in 
ventilation following a time delay of 3-7 seconds. Injection of cyanide 
at the same site, however, caused hyperpnea only after more than 15 
seconds, a time consistent with transport to the . peripheral 
chemoreceptors. Spinal cordotomy abolished the succinylcholine induced 
hyperpnea. Flandrois et al. (1967) used a drug named 28882 Ba (2, 4 di- 
(diethylamino)-6-(2-phenylacetylhydazino)-l,3,5-traizine) which depres­
ses muscle spindle activity. 28882 Ba was shown to decrease the rapid 
(Phase I) hyperpnea in response to passive hindlimb movement in the dog.
The aforementioned experiments suggest that muscle spindle afferents 
are an important source of sensory information controlling ventilation at 
the start of exercise. However, Hodgson and Mathews (1968) applied high 
frequency, low amplitude vibration (considered to be a highly potent 
stimulus for primary endings of the muscle spindle) to the Achilles 
tendon of cerebrate cats to stimulate the triceps surae. They concluded 
that the primary endings were not a source of significant ventilatory 
drive. These findings have been supported by Leitner and Dejours (1971)
13
who suggested that stimulation of both muscle spindles and Golgl tendon 
organs could account for only a small portion of Phase I exercise 
hyperpnea.
Work by McCloskey and Mitchell (1972) has provided strong evidence 
that joint receptors play a minor role in exercise hyperpnea. These 
investigators induced exercise by ventral root stimulation in 
anesthetized decerebrate cats. Anodal block of the large myelinated 
fibers in the corresponding dorsal roots did not reduce ventilation. In 
contrast* anesthetic blockade of the small myelinated and unmyelinated 
fibers abolished the ventilatory response. They concluded that the 
likely source of neurogenic drive to ventilation during exercise is the 
small myelinated and unmyelinated fibers (Type III and IV afferents). 
Recently, two major reviews on the control of exercise hyperpnea have 
supported this viewpoint (Whipp, 1981; Wasserman et al., 1981).
Efferent Neurogenic Control
Krogh and Lindhard (1913) proposed that neural impulses from the 
motor cortex that control skeletal muscle during exercise also irradiate 
to the respiratory control center in the medulla. Such a mechanism could 
lead to a neurally driven exercise hyperpnea that is proportional to the 
work performed without the intervention of feedback mechanisms. This 
hypothesis had not been experimentally validated until 1981 when Eldridge 
and colleagues studied the relationship between locomotion and respira­
tion using unanesthetized decorticate cats. In a first series of experi­
ments Eldridge et al. (1981) decorticated each cat, cut the vagus nerves, 
and denervated the carotid bodies and baroreceptors by cutting the 
carotid sinus nerves. Several hours after surgery the cats were placed
14
on a treadmill where they were allowed to walk or run freely (with the 
aid of a sling suspended over the treadmill). Respiratory output was 
quantified by measuring the integrated electrical activity from the 
central end of a cut phrenic nerve root. Respiration was shown to 
increase in proportion to locomotor activity. In another series of 
experiments using the same preparation, Eldridge et al. (1981) induced 
locomotion by stimulating subthalamic locomotor regions with continuous 
trains of impulses (30 Hz, 1.0 milliseconds duration). Stimulation 
caused arterial pressure and respiration to increase promptly. When the 
stimulating current was increased or decreased the relationships between 
changes in locomotion and respiration were quantitatively similar to 
those obtained when the animal was walking freely on the treadmill.
In order to rule out the possibility that afferent neural feedback
from receptors in muscle of the moving joints was not the cause of
hyperpnea, Eldridge et al. (1981) studied fictive movement in four cats
paralyzed with gallamlne triethiodide. The preparations were the same as
above except that they recorded electrical activity from the biceps
• %
femoris nerves instead of EMG activity of skeletal muscle. End-tidal COg 
was maintained constant throughout the experiment via a servo-controlled 
ventilator. Stimulation of the subthalamic locomotor region caused 
fictive movement and caused an increase in both the magnitude and fre­
quency of phrenic nerve activity and arterial pressure. These workers 
concluded that neural signals from the diencephalon can drive locomotion 
and that respiration increases proportionately without arterial 
hypercapnia or feedback from carotid bodies, vagal receptors, or exercis­
ing muscle.
15
To date, these are the only published reports to support the 
efferent neural hypothesis of respiratory control, first proposed by 
Krogh and Llndhard (1913). Additionally, the question must be raised as 
to whether the continuous type of subthalamic stimulation used in these 
experiments closely models the type of descending neural activity seen 
during locomotion in an intact animal. Additional validation of the 
feed-forward hypothesis is needed to fully determine its role in the 
control of exercise hyperpnea.
Humoral Control of Hyperpnea by Carbon Dioxide
Three major hypotheses have been proposed to account for the exer­
cise hyperpnea suggesting CO2  as the main stimulus. Two of these the­
ories (mean steady-state error hypothesis and oscillation of arterial CO^
*
tension (PaCC^)/hydrogen ion concentration [Ha ] hypothesis) suggest that 
the control mechanism for exercise ventilation centers around CO2  stimu­
lation of the carotid bodies. However, the third hypothesis (CO2  flow 
hypothesis) argues that control is limited'to CO2  flow to the lungs (i.e. 
cardiac output x concentration of CC^ in mixed venous blood, referred to 
hereafter as QCf^). A brief discussion of each hypothesis follows.
Mean steady-state hypothesis
The "mean steady-state hypothesis", proposed independently by 
Cunningham (1963) and Matell (1963), suggests that the predominant 
component of the slow phase (Phase II) of ventilatory increase during 
work is due to increases in the mean level of arterial PCO2  and lowered 
pH. However, much literature exists to suggest that hypercapnia does not
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occur in man or animals during moderate exercise (Wasserman et al., 1967; 
Hansen et al., 1967). In fact, literature on the topic suggests that 
mean PaCt^ and pH are similar to resting values during short-term
moderate exercise (Wasserman et al., 1981).
Oscillation hypothesis
Yamamoto (1962) and Yamamoto and Edwards (1960) were the first to 
suggest a control mechanism linked to PaCO^ and [Ha+] but which 
controlled ventilation independently of mean PaCO^/tHa*]. This
hypothesis proposes that ventilation may be stimulated via breath by 
breath PaCO^ and pH oscillations without a significant alteration in mean 
PaCC^ and pH. Recently, several authors have offered support to
Yamamoto's hypothesis that a change in the amplitude of PaCO^
oscillations during exercise might provide a feed-forward stimulus to 
regulate ventilation during exercise (Band et al., 1980; Allen and Jones, 
1984).
It is clear that PaCC^ and pH oscillations occur in arterial blood 
as a function of the respiratory cycle (Kreuzer, 1975; Band et al., 
1969). In addition, Biscoe and Purves (1967), Black et al. (1971) and 
Goodman et al. (1974) have all demonstrated that neural discharge in the 
carotid sinus nerve also oscillates with the period of the respiratory 
cycle. There is growing evidence that the carotid bodies are important 
to the regulation of Phase II of exercise hyperpnea (Bisgard et al., 
1982; Bisgard et al., 1976; Lugliani et al., 1971). However, it appears 
that carotid body influence is not vital to a normal Phase III response. 
Lugliana et al. (1971), Leusen (1957), and Parida et al. (1969) have 
demonstrated that subjects with carotid body resections obtain a
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steady-state ventilatory response that is not significantly different 
from control subjects. It should be pointed out that this finding 
doesn't rule out the possibility that the carotid bodies can contribute 
to the Phase III exercise ventilatory response in normal subjects and 
that subjects without carotid body function rely on another mechanism for 
respiratory regulation during steady-state work.
Carbon dioxide flow hypothesis
Wasserman and his colleagues (1977) have argued that an important 
influence on exercise hyperpnea is related to the COg flow to the lung 
(COg flow hypothesis). To support their argument they cite: 1) the
observation that end-tidal carbon dioxide tension and respiratory ex­
change ratio remains unaltered in the transition from rest to exercise;
2) that isocapnic hyperpnea occurs in the steady-state; 3) that a high
• •correlation exists between Vg and the volume of C( > 2 produced (VCC^) under
transient work conditions, and 4) that a reduction in body CC^ stores 
prior to exercise tends to slow the dynamics of Vg (Diamond et al.» 1977; 
Casaburi et al., 1977; Casaburi et al., 1978; Hard et al., 1983). These 
authors propose that a humoral component of exercise hyperpnea results
from some function of the CC^ load to the lungs. Casaburi et al. (1978)
• •
have shown that changes in VCO. kinetics precede those in V_ providing a/ E
small PaC0 2  error signal downstream from the pulmonary capillaries that
could provide a stimulus to peripheral chemoreceptors to increase V_ in£
Phase II. Although the evidence cited above provides indirect support
Ifor a link between pulmonary CO. flow and V_, in man, the evidence is not* E
definitive.
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Such a hypothesis* concerning a CO^ sensitive chemoreceptor that can
affect ventilation in the mammals is not new. PiSuner and Bellldo
suggested in 1919 that this mechanism might account for at least part of
the control of breathing in animals. More direct evidence to support the
*
involvement of CO^ return to the lungs (QCO^) in ventilatory control
during steady-state exercise in man has been demonstrated by Brown et al.
(1976). Intravenous infusions of propranolol hydrochloride, a
non-selective beta blocker, caused a transient reduction of QCO^ (viz.
• •
via reduced cardiac output) and a reduction in both VCC^ and Vg. The
• •authors concluded that Vg had responded to the reduction of VCOg as a
constraint to prevent a reduction in PaCOg.
Investigators using animal models to test the "CC^ flow hypothesis" 
are divided in their support of this theory. Some workers have suggested 
the existence of a mixed venous chemoreceptor in the rat (Yamamoto and 
Edwards, 1960), rabbit (Linton et al., 197.6), cat (Ponte and Purves, 
1978), and dog (Stremel et al., 1978; Wasserman et al., 1975), whereas 
others have found no evidence for a pulmonary vascular chemoreceptor in 
the cat (Lambertson, 1980), baboon (Lewis; 1975), and dog (Fordyce and 
Grodins, 1980; Greco et al., 1978; Bennett et al., 1984).
Sheldon and Green (1982) have suggested that experimental models 
used to test the "CO^ flow theory" have been insufficient to derive a 
firm conclusion. These authors proposed that to demonstrate unequivocal­
ly the absence or existence of a pulmonary CO^ chemoreceptor, the pulmo­
nary and systemic circulation must be isolated so that blood gases and 
blood flows could be Independently controlled. Using dogs as the 
experimental model, blood flow to both circulations was held constant, 
with PaCO^ and pHfl being normal on the systemic side of the circulation. 
However, the CC^ tension in the pulmonary circulation (PpCO^) was altered
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between 7 and 85 torr. The increase in PpC0o caused an increase in V_.Z E
This effect was abolished by vagotomy. The authors concluded that a CO^ 
chemoreceptor exists in the dog lung that interacts with the nonpulmonary
chemoreceptors in the control of V_.E
• •
In other work, Green and Sheldon (1983) have demonstrated that V_E
increases in dogs as a function of pulmonary blood flow without an 
increase in PaCO^ or PpCK^. They reasoned that the increase in could 
be due to either the increase in pulmonary blood flow or the amount of 
CO^ delivered to the lung. Again, vagotomy abolished the effect of 
pulmonary blood flow on V_. More recently, Green and Schmidt (1984) have 
demonstrated that the increase in ventilatory drive that occurs during an 
increase in pulmonary blood flow can be abolished when CO^ gradients 
throughout the lungs are eliminated. The authors concluded that CO^ 
sensitive receptors are stimulated when pulmonary blood flow increases, 
possibly by the recruitment of additional receptors in areas of the lung 
previously underperfused with respect to local ventilation. The authors 
proposed that this mechanism may contribute to exercise hyperpnea. These 
conclusions are in general agreement with those of Wasserman and col­
leagues (1977).
The theory that exercise ventilation is controlled via 
chemoreceptors in the lung is an attractive one. This type of control 
system could explain the isocapnic hyperpnea observed in man during 
steady-state dynamic exercise. However, several remaining questions must 
be answered before this hypothesis gains acceptance by the scientific 
community as a probable mechanism to explain exercise hyperpnea. First, 
the reasons for the divergent findings among investigators (relative to 
changes in V£ with changes in C02 flow to the lungs) need to be ex­
plained. Secondly, many investigators question the existence of CO^
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sensitive receptors in mammalian lungs. Recently* the occurrence of a 
COg sensitive chemoreceptor in the avian lung has been carefully docu­
mented (Beon et al.* 1980; Burger et al.» 1974). Further* reports 
claiming the existence of intrapulmonary COj receptors in mammals are 
appearing in the literature from a variety of laboratories. Trenchard et 
al. (1984) have recently suggested that non-myelinated vagal lung recep­
tors are sensitive to CO^ and exhibit reflex effects on respiration in 
rabbits. Similar receptors have been identified in the cat (Delpierre et 
al. * 1981) and dog (Banzett et al. * 1978; Russell et al., 1984).
Unequivocal establishment of thiB (X^ sensitive receptor in mammalian 
lungs would provide the "CO2  flow hypothesis" with a solid foundation.
Neural-Humoral Hypothesis
Dejours (1964) proposed that the control of exercise hyperpnea in 
the transition from rest to work is best explained by a rapid neurogenic 
component (i.e. Phase I) and a slower humoral component (i.e. Phase II). 
The hypothesis is based on several pieces of evidence. First, the 
increase in V_ at the onset of work is extremely rapid with changes 
occurring within one breath cycle after initiation of movement. This 
rise in Vg is thought to occur before the transportation of a humoral 
stimulus to either the central or peripheral chemoreceptors could occur. 
The term neurogenic* at least in this context* refers to those respirato­
ry inputs from the cerebral cortex or afferent type III fibers in the 
working muscle. On the other hand, humoral refers to any chemical 
stimulus (i.e. COj* H ) capable of stimulating chemoreceptors that modify 
breathing. The terms "fast and slow" have been equated with the terms 
"neurogenic and humoral", respectively.
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As mentioned earlier, several authors have shown that stimulation of
muscle afferents increases V while abolition of afferent neural traffic£
from exercising muscle results in absence of the fast component of
ventilatory rise at the onset of exercise (Kao, 1963; McCloskey and
Mitchell, 1972). However, Eldridge et al. (1981) have proposed that the
neural drive to breathe during exercise is efferent in origin and not
afferent as proposed by others (Kao, 1963; Tibes, 1977). More research
is needed to resolve this issue.
The logic to support the argument that the slower (Phase II) rise in
ventilation is humorally mediated is based on the following findings:
1) Phase II begins only after a time delay which is consistent with the
blood transit time from the exercising muscles to a chemoreceptor (i.e.
carotid bodies) (Whipp, 1981), 2) attenuation of carotid body
chemosensitivity (i.e. breathing 100% 0o) or carotid body resection/ *
results in altered kinetics of the Phase II ventilatory response 
(Casaburi et al., 1978; Wasserman et al., 1975). These studies have 
demonstrated that in man Phase II Vg kinetics are appreciably slower when 
carotid body sensitivity is reduced.
Although the neural-humoral theory of ventilatory control has been 
supported by many investigators, the concept is not without resistance. 
Wasserman et al. (1981) and Whipp (1981) have challenged the evidence to 
support the neural-humoral hypothesis as being weak and inconsistent. 
They cite the following evidence as inconsistent with the hypothesis:
1) the rapid component of Phase I ventilation does not occur when the 
work increment is superimposed upon prior work (Whipp, 1981);
2) Wasserman et al. (1974) have shown that the hyperpnea of exercise in
dogs may be secondary to increases in cardiac output which suggests that
♦ •
increases in Vg may be linked to VCt^. This finding has been supported
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by others in both dogs and man (Jones et al., 1982; Weissman et al., 
1982; Green and Sheldon, 1983); and 3) immediate hyperpnea at the onset 
of work can be abolished by prior hyperventilation (Asmussen, 1977).
Conclusions
There appear to be four major theories postulated to account for
control of exercise hyperpnea. None of the independent theories
• .
proposing a single mechanism controlling V_ during work fails to account
for the entire ventilatory response to exercise (Whipp, 1981). Further, 
an apparent redundancy in mechanisms may contribute to the control of 
breathing. Such a finding is not surprising considering the critical 
control of respiration necessary to maintain homeostasis in all active 
animals.
Whipp (1981) has suggested that the challenge of studying exercise
hyperpnea must be approached from the logical context of not rejecting
one view entirely, simply because another is shown to be largely correct
in a given circumstance. Fart of the corifusion concerning ventilatory
control during work has possibly resulted from differences in animal
preparations (i.e. failure to maintain homeostaslc pH and/or PaC0o, use
of general anesthetics, and so on) used by various investigators. In
addition, the question must be raised as to whether the V_ control issueE
is clouded by species variation in respiratory control. Much additional 
work is needed to clarify these important questions.
Neurogenic factors, perhaps both efferent and afferent, must con­
tribute at least part of the exercise hyperpnea. On the other hand,
• •given the close coupling of VC02 and Vg during exercise to maintain an 
isocapnic hyperpnea, receptors sensitive to PC02 in the lungs could
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explain this observed exercise blood gas. homeostasis. Further* the 
possible role of carotid bodies responding to a change in FaCO^ oscil­
lations must also be considered.
DYNAMICS OF PULMONARY GAS EXCHANGE DURING EXERCISE
Introduction
Muscular exercise imposes a potent stress to pulmonary gas exchange. 
Human endurance athletes can reach an alveolar-pulmonary capillary 
exchange of 100 ml/sec for O^-CO^ during intense exercise. In the pony, 
the rate of alveolar COg-Og exchange during heavy exercise can reach 
approximately 300 ml/sec (Bisgard et al, 1976). In general, the in­
creased pulmonary 0^ uptake and COg output are directly related to the 
rate of 0^ consumption and C0^ production in exercising skeletal muscle. 
During non-steady-states, however, pulmonary gas exchange also reflects 
stores of O2  and CO2  (Whipp and Mahler, 1980). Thus, the overall rate of 
gas exchange at the mouth is determined by * the combination of lung and 
tissue gas exchange as well as a variety of other factors.
Despite the complexities, there is good evidence to suggest that 
control mechanisms underlying tissue and lung gas exchange during exer­
cise can be best studied in the non-steady-state (Linnarsson, 1974; 
Cerretelli et al., 1977; Wigertz, 1971; Hughson and Morrissey, 1983; 
Whipp and Mahler, 1980). This review will therefore consider not only 
the dynamics of pulmonary .gas exchange but will also discuss those 
factors which control skeletal muscle bioenergetics with particular 
reference to non-steady-states.
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Bioenergetics and Gas Exchange in Skeletal Muscle
Oxygen Uptake in Muscle
Oxygen is used in muscle, as in other tissues, as the final electron 
acceptor during the aerobic production of adenosine triphosphate (ATP) 
(Lehninger, 1971). Many lines of evidence suggest that hydrolysis of ATP 
provides the free energy necessary for muscular contraction (Needham, 
1971). The amount of stored ATP in skeletal muscle (typically 2-5 
umole/g) is surprisingly small, given the central role of ATP in muscle 
energetics. Hence, during periods of rapid ATP hydrolysis (i.e. muscular 
exercise), ATP production must increase dramatically in order to meet the 
new energy requirement of the contracting muscle. During short-term 
and/or intense exercise, most of the ATP used by contracting muscle is 
provided via anaerobic metabolism, (glycolysis and/or ABP-phosphocreatine 
(PC) reactions) (Stryer, 1981). However, during continuous exercise of 
low to moderate intensity, aerobic production of ATP predominates.
A simplified model of the control of 0^ consumption is presented in 
Figure 4. It is apparent that the rate of 0^ consumption (QC^) might be 
dependent upon the concentrations of substrate, adenosine
diphosphate (ADP), inorganic phosphate (Pi), or ATP as well as the state 
of the oxidative enzymes themselves (Chance and Uilliams, 1956; Whipp and 
Mahler, 1980). However, in skeletal muscle it appears that of the 
changes that can occur in these possible controlling concentrations 
during work, only those in ADP and Pi have important effects on QO^ 
(Whipp and Mahler, 1980). Except during intense or prolonged exercise, 
the concentrations of 0^ and substrate in muscle appear to be kept at 














ADP + t i l
c o2 +  h 2 o
Figure 4. Simplified model of the control of oxygen consumption. 
Redrawn from Whipp and Mahler (1980). • S stands for substrate.
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both intact muscles and isolated mitochondria suggests that QO^ is 
independent of muscle FO^ as long as the latter exceeds a "critical PO^" 
of 1-2 torr (Hill, 1948; Chance, 1957). It appears that this critical 
(low) PO^ is satisfied for most workloads encountered in man and animals 
(Keul et al., 1972). Thus, the relationship between QOg and P( > 2 is an 
on/off transition. That is, if the transition zone is ignored, 0^ is 
either present at a saturating concentration or not at all.
The effects on QO^ of changes in ADP, Pi, and ATP have given rise to 
a number of control theories. "Kinetic control" models postulate that 
QOg is regulated via the availability of ADP/Pi. If the respiration of 
isolated liver or heart mitochondria is studied under laboratory con­
ditions (i.e. in vitro) with saturating concentrations of and
substrates in the absence of ATP, the QC^ depends upon the amount of ADP 
and Pi. This relationship obeys Michaelis-Menton kinetics, with Km's of 
about 20-50 pM for ADP and 1 mM for Pi (Chance, 1962). These data have 
been extrapolated to include skeletal muscle as well.
Since the development of the kinetic control hypotheses, it has been 
demonstrated that electron transport into' the mitochondria can be re­
versed via the addition of ATP to the medium. Hence, it is postulated 
that the reactions of oxidative phosphorylation are in near equilibrium 
with electron transport across the mitochondrial membrane (Klingenberg, 
1964). The theory of "equilibrium control" is an extension of the above 
findings which postulates that QO^ is not dependent upon the concen­
trations of just ADP and Pi alone, but is dependent upon the ratio of 
(ADP) (Pi)/(ATP) (Wilson et al., 1977). One confusing point relative to 
the equilibrium theory of the control of QO2  relates to the observation 
that little change in ATP concentration occurs in muscle during exercise 
(Piiper et al., 1968; Knuttgen and Saltin, 1972). It may be that the
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reduction in cellular concentrations o£ ATP needed to stimulate oxidative 
phosphorylation in muscle are very small and are not easily detectable 
via many current biochemical assay procedures.
Another issue arises when discussing the rate of QOj in muscle 
during work. Since the components of the electron transport chain are 
located within the inner mitochondrial membrane, a transport mechanism 
must exist to translocate ADP inside the membrane and ATP outside. It 
appears that ADP:ATP can cross this membrane only by the aid of ATP:ADP 
translocase. Although the details of how this translocase operates at 
the molecular level are unclear, it appears that ADP is transported into 
the matrix and ATP out on a 1:1 exchange basis (Klingenberg and Pfaff, 
1968). Data from numerous laboratories suggest that, at least in liver 
mitochondria, oxidative phosphorylation is rate limited by the 
translocase (Heldt, 1966; Kuster et al., 1976). Hence, during periods of 
rapid hydrolysis of ATP to ADP (i.e. muscular exercise), the rate of ATP 
synthesis appears limited by the amount of translocase available to „ .. 
transport ADP into the mitochondria.
Pulmonary Gas Exchange During Exercise
Introduction
The partial pressures of 0^ and CO2  in venous effluent from a 
contracting muscle represent averages of a complex distribution of 
metabolic rate to blood flow ratios from contracting motor units and also 
nonstimulated units. These partial pressures are further modified upon 
mixing with the blood from other body regions, to provide mixed venous 
levels.
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As pulmonary gas exchange occurs down partial pressure gradients 
between local alveolar and capillary blood, the rate of gas exchange In 
the healthy lung will ultimately depend upon three variables: 1) the
dynamics of cardiac output and pulmonary blood flow during exercise;
2) the dynamics of metabolic gas exchange at the tissues (particularly 
the exercising muscle); and 3) the wash-ln or wash-out of body gas 
stores. Hence, a study of pulmonary gas exchange during the 
non-steady-state must take these variables Into account. In this section 
of the review, the dynamics of pulmonary 0^ and CO^ exchange will be 
discussed with respect to short term exercise at work intensities below 
the anaerobic threshold.
Oxygen Uptake Measured via Pulmonary Gas Exchange
*
The previous discussion on the control of muscle VOg, emphasizes 
that regulation of muscle 0^ consumption is extremely complicated. 
Attempts to deduce the overall regulation from observations made entirely 
upon subcellular components is likely to be incorrect (Whipp and Mahler, 
1980). A useful complementary approach to the problem of respiratory 
control in intact muscle is the application of systems analysis. In 
short, the problem is elucidation of the mechanisms that couple the 
production of ATP via oxidative metabolism to the utilization of ATP by 
energy requiring reactions in skeletal muscle. Given that the kinetics 
of QOg in isolated muscle are directly related to the rate of hydrolysis 
of ATP (Stainsby and Lambert, 1979), the method of systems identification 
can be used to determine whether the system is linear, and if so, a 
differential equation can be formulated that quantifies the coupling of 
input to output (Spain, 1982).
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Indirect evidence on the kinetics of in working human muscle has 
been provided by numerous investigators (Whipp, 1971; Whipp and
Wasserman, 1972; Hughson and Morrissey, 1983; Powers et al., 1984). At
the onset of light or moderate exercise, the time course of 0^ uptake 
measured at the mouth can be described via a monoexponential function of 
the following form:
(1) V02t « V02ss(l-e“kt)
where V02t is the V02 at time t, V02ss is the V02 at steady-state, k is
the rate constant, and t is the time in seconds. In man, the rate
constant is independent of V02ss over a wide range of work rates, and 
typically has a value of 1.3 min-* in untrained subjects which translates 
into a time constant of approximately 45 seconds (Whipp and Mahler, 
1980).
Following light or moderate exercise, the kinetics of V02 can be 
well approximated by:
(2) V02t - V02ss(e“kt)
where t now denotes the time in seconds from the beginning of recovery. 
In man the rate constant k has about the 'same value during recovery as 
during work, and is again independent of V02ss over a wide range of work 
rates (Whipp and Mahler, 1980). If the work rate is considered a system 
input, and V02t the corresponding output, these equations describe the 
responses of a first-order system to step inputs.
Whipp and Mahler (1980) have suggested the increase in V02 measured 
at the mouth at the onset of work reflects, in general, the same time 
course as the change in V02 for isolated muscle. They support their 
argument as follows. First, it appears reasonable to assume that the 
rate of ATP hydrolysis by working muscles changes in parallel with the 
whole body work rate, and thus the change in Q02 must have a similar time
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course to the change In whole body VOg. Secondly, at the onset of work, 
the change in body 0^ stores Is small and probably represents only 5-10% 
of the amount of Og taken up from the environment (Harris, 1969). This 
Implies that the actual whole body 0^ uptake has a time course similar to 
that measured at the mouth. Moreover, since the increase in VOg during 
work is almost totally due to an increase in muscle 0^ consumption, then 
whole body V0^ at the onset of exercise is essentially that of working 
skeletal muscle. In summary, these results from human studies suggest 
that the coupling rates of ATP hydrolysis and oxygen consumption in 
skeletal muscles may behave as a simple first order system.
The above conclusions have been confirmed, with only minor modifica­
tions, by data obtained from isolated muscle preparations. Piiper et al. 
(1968) demonstrated that when the dog gastrocnemius muscle was stimulated 
to contract in situ the time course of 0^ uptake across the muscle was 
monoexponential and could be adequately described by equation 1. The 
time constant for VO^ across an exercising dog. muscle has been shown to 
be approximately 12-19 seconds which is appreciably faster than that for 
man (Piiper et al., 1968; Corsi et al., 1975; Mohrman and Sparks, 1973). 
Further, Marconi et al. (1978) have confirmed that V02 kinetics at the 
lung in the tracheostomlzed dog during exercise has a half time of 
approximately 17 seconds, which is approximately half that of man but not 
appreciably different from the isolated dog hindlimb muscle. The reasons 
for the faster VO^ kinetics at the onset of work in the dog, when 
compared to man, are not clear. It is somewhat surprising that, at 
present, little data exist to describe the dynamics of VO^ at the onset 
of exercise in other species. A recent report by Forster et al. (1984) 
speculated that approximately 45 seconds following the Initiation of 
work, the pony had reached approximately 95% of the steady-state V02.
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Unfortunately the authors failed to mathematically document their claim, 
and at present, this Is the only report in the literature regarding VO^ 
kinetics in the pony. Additional research that mathematically describes 
the dynamics of VO^ in the exercising pony seems warranted.
COg Output Measured via Pulmonary Gas Exchange
To date, the kinetics of VCO^ are not well described in any species
except man. Therefore, this discussion will focus on data taken from the
human literature. The non-steady-state kinetics of C02 output measured
at the mouth is well described by a simple exponential of the form:
(3) VC02t - VC02ss(l-e"kt)
with the symbols analogous to those for 02 uptake. The time constant for
VC02 in man is approximately 60-70 seconds which differs considerably
from the V02 time constant (i.e. 45 sec) (Whipp and Mahler, 1980; Powers
et al., 1985). This interesting finding suggests that the metabolic rate
of C02 production must follow the rate of*02 utilization. Therefore,
• •
differences between the V02 and VC02 time constants must reflect the 
dynamics of -C02 wash-in into the tissue C02 pool.
It appears likely that arterial blood may increase its C02 stores
during the transition from rest to steady-state exercise. Whipp et al.
(1978) have demonstrated that PaC02 is generally regulated at resting 
levels during steady-state work. However, these authors clearly showed 
that ?aC02 increases by a small amount (i.e. 1.9 torr) in the
non-steady-state. Similar PaC02 transients have been reported in both 
anesthetized dogs and cats when their hind limbs were electrically 
stimulated to contract (Whipp et al., 1978). Thus, the small increase in
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blood COg storage at the onset of work is likely to cause a slight 
slowing of the CO^ kinetics in addition to the major effect caused by the 
accessible tissue pool (Casaburi et al., 1979).
The steady state exercise VCO^ value is less predictable and 
reproducible than VC^ (Whipp and Mahler, 1980). This is due to variances 
in substrate mixtures undergoing aerobic catabolism between individual 
subjects and even within subjects, depending upon the recent dietary 
regimen and the relative state of physical fitness. For example, if 
glycogen were the only substrate available for the muscle during exer­
cise, the rate of CO^ production would be 19% greater than the quantity 
of CO2  produced if free fatty acids were the only substrate (Whipp and 
Mahler, 1980). Further, at work rates which result in a significant 
increase in blood levels of lactate, the amount of nonmetabolic CO2
*4*production increases due to bicarbonate buffering of H . Thus, this rise 
in nonmetabolic CO2  production results in an increase in VCt^ measured at 
the mouth.
Oxygen Deficit-Debt Relationships During Exercise
At the onset and offset of muscular exercise in both man and dog, 
oxygen consumption responses measured at the mouth, lag behind the
mechanical events of contraction (di Prampero et al., 1983; Boutellier et 
al., 1984). It follows that V0£ at the mouth is insufficient at the 
onset of work for the energy requirements of the muscles and at the
offset of exercise VO^ is in excess. As a consequence an O2  debt (or
deficit) is incurred during the first minutes of exercise and paid for in 
the immediate recovery period; the term "deficit" being generally
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confined to the onset and "debt" to the offset of exercise (Margaria et
al., 1963; Margaria et al., 1964).
The energy requirement of the working muscles is generally assumed
• •to be proportional at any given time to steady-state VO^ (VO^ss).
• •Steady-state VC^ is defined as the VO2  achieved following several minutes
of submaximal constant load exercise (i.e. VO^ has reached a constant
plateau). Hence, the 0^ deficit can be calculated as the time integral
• • •of the difference between VO^ss and V0^ at time t (VO^t):
(4) (^deficit = ^  (VO^bb - Vf^O'dt
In general, the Oj deficit is a measure of the amount of energy, ex­
pressed in C> 2 equivalents, drawn from sources other than aerobic ATP 
production (di Prampero et al., 1983). The energy sources taxed at the 
onset of exercise are reconstituted in the recovery period at the expense 
of the O2  debt (Margaria et al., 1964). The 0^ debt can be calculated by 
the following integral: •C
(V02t - vq2r)-dt
.  .  ^where VC^r is the VC^ at rest and the Vt^t is the at time t.
As previously indicated, the deficit incurred at the onset of 
exercise is a measure of the amount of energy drawn by the working 
muscles from sources other than aerobic ATP production. These comprise 
net high energy phosphate breakdown, anaerobic glycolysis and the resul­
tant production of lactate, and a depletion of ( > 2 stores. Documentation 
is good that muscle PC concentration is lower during exercise than at 
rest, both in human subjects and in isolated rat and dog muscle (di 
Prampero et al., 1983; Hultman et al., 1973; Karlsson, 1971; Piiper et 
al., 1968). Further, it is clear that lactate production increases at 
the onset of exercise in man, dogs, and rats (Welch and Stainsby, 1967; 
Cerretelli et al., 1979). Finally, Boutellier et al. (1984) and di
(5) ( > 2 debt
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Prampero et al. (1983) have demonstrated that a reduction In body 0^
stores results In a reduction of the 02 deficit which suggests that at
the onset of work 0^ Is draw from body stories (I.e. 0^ content of the
lungs, physically dissolved 0^* and 0^ bound to hemoglobin and
myoglobin). Thus the 02 deficit Is the sum of at least three terms:
(6) 02 deficit = V02pc + V02la + V02St
where V02pc is the 02 equivalent of PC breakdown, V02^a Is the net amount
of lactate produced before the attainment of steady-state V02» expressed
* 81in 02 equivalents, and V02 is the amount of 02 drawn from body stores.
The exponential decline in V02 post-exercise was first reported by 
Hill (1914). Much of the excess post-exercise V02 .during the first few 
seconds of recovery appears to be due to the 02 requirement to replenish 
PC stores and reoxygenate hemoglobin and myoglobin (Harris et al., 1976; 
Hultman et al., 1973; di Prampero et al., 1970). The second phase of V02 
during recovery is likely the result of those factors which directly 
influence mitochondrial 02 consumption. Included among those factors are 
catecholamines, thyroxine, glucocorticoids, free fatty acids, calcium 
ions, and temperature (Gaesser and Brooks,'1984; Barnard and Foss, 1969; 
Brooks et al., 1971; Carafoli and Lehninger, 1971; Gladden et al., 1982; 
Pilper and Spiller, 1970). Of these, elevated body temperature may be 
the most important (Gaesser and Brooks, 1984).
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CHAPTER II 
MEASUREMENT OF OXYGEN UPTAKE 
IN THE NON-STEADY-STATE
INTRODUCTION
Measurement of gas exchange in the non-steady-state can provide 
valuable information relative to rates of oxygen uptake and carbon- 
dioxide production in the transition from rest to exercise and during 
recovery from exercise. Critical examination of oxygen uptake kinetics 
in both rest to work and work to rest transitions has provided answers to 
many questions relating to the cardiopulmonary and metabolic adjustments 
to exercise in man and animals. At present, there are two techniques 
principally employed by laboratories to make gas exchange measurements in 
the non-steady-state. The first, and oldest technique involves the 
serial collection of expired gas samples in non-diffusing bags (Douglas 
bag technique). At the completion of the experiment, each bag must be 
analyzed independently for oxygen and carbon dioxide content as well as 
volume of gas. This procedure is both cumbersome and time consuming. 
Further, this technique is difficult in large animals due to the lack of 
availability of large sampling bags for collection of the expired gas. 
However, the Douglas bag procedure for measurement of gas exchange has 
been considered the standard for validity and reliability for many years 
(Consolazio et al., 1963).
The second technique used to measure rapid changes in gas exchange 
variables at the onset or cessation of exercise is a sophisticated 
breath-by-breath analysis accomplished via a mass spectrometer and 
pneumotachometer interfaced with a computer. A major limitation of this
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procedure is the cost associated with the development of a system of this 
type. An additional concern is that disagreement exists within the 
scientific community relative to software employed to accomplish 
breath-by-breath analysis (Beaver et al.» 1973; Giezender et al., 1983). 
The major area of disagreement centers around the question of whether 
functional residual capacity (FRC) changes during exercise in humans 
(Dejours et al., 1966; Vessel et al., 1979). This question is further 
clouded by the fact that at present, no information is available relative 
to species differences in FRC changes during exercise. Thus, 
breath-by-breath analysis of gas exchange in man or animals has both cost 
and theoretical limitations. Hence, a need exists for development of an 
efficient and valid means for measurement of gas exchange in both humans 
and animals in the non-steady-state. It is the purpose of this report to 
describe the development, calibration, and validation of an open-clrcuit 
technique for measurement of gas exchange in the non-steady-state in both 
humans and animals.
METHODS
Instrumentation; The general design of the open-circuit gas ex­
change system employed in these experiments is illustrated in Figure 1. 
Inspired ventilation was measured via a dry gas meter fitted with a 
potentiometer (Ram-9200, Rayfield Electronics, Chicago). Expired 
ventilation was channeled from a low resistance non-rebreathing valve 
(ponies wore a mask on their muzzle; humans used the conventional 
respiratory mouthpiece) via a 180 cm length of 6.25 cm diameter tubing 
into a 9.2 liter mixing chamber. Gas was sampled from the exit port of 
the mixing chamber at a rate of 300 ml/min by an Applied Electrochemistry 
S-3A Og analyzer and an Applied Electrochemestry CD-3 COg analyzer.
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Electrical signals from the gas analyzers and dry gas meter underwent 
analog to digital conversion and were sent to a Rockwell Aim-65 
microcomputer for processing which provided a hard copy of all calculated 
variables. Oxygen uptake (VO^) was calculated using the Haldane 
transformation of the Fick equation:
V02 - (Vj x F ^ )  - ((VjX F ^ / F ^ )  x Fe02) 
where ■ volume inspired gas; FjC^ “ fraction inspired oxygen; FE02 ** 
fraction expired oxygen; F^N2 e fraction inspired nitrogen; and **
fraction expired nitrogen.
The dry gas meter was calibrated by passing gas at various pulsatile 
rates (i.e. 10 to 300 liters/min) from a Tissot spirometer through the 
meter. Further, the volume and frequency of gas flow passed through the 
spirometer was varied (volume range » 0.5-5.0 liters/pulse; frequency 
range « 8-70 pulses/min) to stimulate the physiological breathing pattern 
in ponies and humans at rest and during light to moderate exercise. The 
range of values chosen was below and above the normal values for breath­
ing frequency and tidal volume during rest and moderate exercise in both 
species studied. Prior to and following each experiment, the gas analyz­
ers were calibrated using standardized gases analyzed by the Scholander 
technique (1947).
Determination of time delay: The basic problem that prevents an
open circuit system employing a mixing chamber from making accurate 
measurements of gas exchange in the non-steady-state is that a time delay 
exists between the introduction of the unknown gas into the mixing 
chamber and the measurement of this gas via the analyzers. To determine 
the nature of the washout characteristics of the chamber coupled with the 
response time of the analyzers, the following experiments were performed. 








Figure 1. Schematic of the equipment used to make gas exchange 
measurements.
57
was discharged from a Tlssot spirometer through the aforementioned 
open-circuit system at various velocity profiles. For each experiment, 
the flow was varied with a range of flows from about 20 to 240 li- 
ters/mln. The flow pattern was Intermittent (15-70 pulses/min) and 
designed to simulate the normal respiratory patterns in ponies during 
light to moderate exercise or man during moderate to heavy exercise. The 
elapsed time and total volume of gas which passed through the system 
before the analyzers attained a plateau of the new gas mixture was 
measured. The amount of time or volume of gas required for the analyzers 
to reach a stable plateau at each flow was considered the system's time 
delay or volume delay, respectively. Further, to determine the effect of 
pattern of breathing on the system's response to a change in gas 
concentration, gas of a known and COg content was passed through the 
system at a constant flow rate but the number of pulses was varied.
Biological validation: To determine the validity of the open
circuit system, two sets of experiments were performed using humans in 
one and ponies in the second. First, four human subjects performed a 
series of 16 rest to exercise transitions 'at a power output of approxi- 
mately 140 watts. In eight of the experiments, VO^ was calculated every 
20 seconds for 3-min from data obtained using the mixing chamber and 
equipment setup described in figure 1. When performing the calculations, 
the appropriate expired gas fractions for a particular period of ventila­
tion were determined using the time delay calculated from the procedure 
described in the previous section. The additional eight exercise experi- 
ments used the Douglas bag technique to determine VO^. This procedure 
for measurement of gas exchange has been described in detail elsewhere 
(Consolazio et al., 1963).
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The second series of experiments compared the two methods of measur­
ing gas exchange in ponies during non-steady-state exercise. Sixteen 
20-sec oxygen uptake measurements were obtained from two ponies (mean 
wt-211.2 kg) during the transition from rest to exercise on a motorized 
treadmill (50 meters/min at 7% grade) (Bowman Hydro-Vat, Fremont, Neb.). 
Measurements were made from 0-20 and 20-40 seconds following initiation 
of work. These time periods were selected based on the knowledge that 
the pony reaches approximately 95% of steady-state VO^ within 45 seconds 
following commencement of exercise (Forster et al., 1984). Eight of the 
VOg measurements were made using the Douglas bag method while the remain­
ing eight were obtained via the mixing chamber technique.
To assess the validity of the open circuit mixing chamber procedure 
to make gas exchange measurements in the non-steady state, the VO^ values 
calculated via this method were compared to those obtained using Douglas 
bag analysis with the Douglas bag technique used as the reference system. 
The data were analyzed in the following manner. Oxygen uptake values 
from the two procedures for both pony and human data were compared via 
analysis of variance for repeated measures (Hays, 1973). The pony VO2  
data were not fit to a mathematical model since VO2  was measured during 
two time periods only. However, individual human values for each method 
were fit via computer using a non-linear least squares technique to a 
single component exponential model (Whipp, 1971): 
f(x)t = f(x) ssU-e”^ )  
where f(x)t is the increase in VO2  at time t, f(x)ss is the steady-state 
VO2 , and k is the rate constant. The time constant (i.e. time required 
to reach 63% of the steady state response) was chosen as the kinetic 
parameter to compare the two gas exchange measurement techniques in man.
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Time constants from the two techniques were compared via a t-test for 
related measures (Hays, 1973). Significance was established at P <0.05.
RESULTS
Time delay: The time required for the gas analyzers to reach a
plateau following a change in gas concentration is shown in Figure 2. An 
inverse relationship existed between the rate of gas flow and the time 
that the analyzers reached a plateau in gas concentration. Further, the 
pattern of flow had little or no effect on the time to reach plateau 
(Table 1). The volume of gas that passed through the system before a 
plateau in gas concentration was reached is presented in Figure 3. This 
volume ranged from 16-25 liters for the lower flows (40-100 liters/min) 
but varied from 16 to 40 liters across the entire spectrum of flows 
studied.
Biological validation: Figure 4 demonstrates the relationship
between VO^ values determined by the Douglas bag procedure and the mixing 
chamber technique in human experiments. No* significant difference (P > 
0.05) existed between the VO^ values calculated by these two procedures. 
The close agreement of these two techniques using human subjects is 
further illustrated by the similar time constant for VO2  in the 
transition from rest to exercise (Table 2). These values were not 
statistically different (P > 0.05). Figure 5 illustrates the relatively 
small error for VO2  calculations in human experiments in the 
non-steady-state using a mixing chamber procedure with a time delay.
t
Figure 6 displays the relationship between the VO2  values calculated 
via the two experimental techniques in the pony. No significant differ­
ence (P >0.05) existed between the two experimental techniques for
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measurement of gas exchange. Finally* Figure 7 demonstrates the relative 
difference in VO^ measured in the non-steady-state between the two 
metabolic measurement techniques in the pony.
DISCUSSION
The present data support the notion that an open-circuit system 
using a mixing chamber provides a valid means of measuring gas exchange 
in the non-steady-state in both humans and large animals. For example, 
the mean differences in VO^ in the human experiments between the Douglas 
bag procedure and the mixing chamber technique during the first minute of 
exercise were 6, 53, and 63 ml for measurements between 0-20, 20-40, and 
40-60 seconds, respectively (Figures 4 and 5). This represents measure­
ment errors of approximately 0.1%, 4.5%, and 3.6%, respectively, at the 
aforementioned time Intervals. Mean error was 2.9% and 3.3% at the 0-20 
and 20-40 second measurement period, respectively, in the pony experi­
ments (Figures 6 and 7). Accurate measurement of gas exchange during
• •
this time period is critical since the time constants for VO2  and VCO2  
are less than 60 seconds in man, ponies, and dogs (Casaburi et al., 1979; 
Forster et al., 1984; Piiper et al., 1966; Piiper et al., 1968; Powers et 
al., 1984).
Although several publications have reported the use of open-circuit 
techniques employing a mixing chamber to make gas exchange measurements 
in the non-steady-state, only one report has described a validation 
procedure (Hughson et al., 1980). Hughson et al. (1980) using a similar 
system to the one described in Figure 1, concluded that this type of 
system is sufficiently sensitive to allow its use in the 
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Figure 2. The relationship between flow and total time 
required to observe a plateau value when the calibrating 
gas was switched from one gas concentration to another.
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Table 1. Effect of pulse rate of gas flow on tine required for the gas 
analyzers to reach a plateau In gas concentration. Note that the flow 
rate was held constant at 60 llters/nln.
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Figure 3. The relationship between flow and volume of gas 
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Figure 4. Relationship between V02 calculated via mixing 
chamber system and the Douglas bag procedure in the transition 
from rest to steady-state exercise in human subjects. Values 












Figure 5. The difference in VO- values calculated via the mixing 
chamber system and those values%obtained by the Douglas bag 
technique (i.e. mixing chamber VO- - Douglas bag VO2 )• Values 










Table 2. Comparison of the V0„ time constants between the two techniques 
for measurement of gas exchange. Values are means ± SEM expressed In 
seconds.
-
Technique VOg time constant
Douglas bag 36.0 t  2.7
Open-Circult 36.5 ± 1.3 ns













Figure 6. The relationship between VOj calculated by the nixing 
chamber technique and the Douglas bag procedure in the transition 
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Figure 7. Difference between mean V0» calculated via the mixing 
chamber technique and the Douglas bag procedure in ponies during 











system described by Beaver et al., 1973. Further* Hughson et al. (1980) 
used a volume delay instead of a time delay to match the appropriate gas 
concentrations with ventilations. This technique difference (i.e. volume 
delay vs. time delay) between the present experiments and those of 
Hughson et al. (1980) warrants further discussion. Hughson et al. (1980) 
reported that the response of their system to changes in calibrating gas 
indicated that it was necessary to pass 20 to 25 liters of gas through 
the system before the analyzers reached a plateau response. In addition* 
they reported that this volume remained constant and was Independent of 
flow. The data reported in the present study in Figure 3 suggest that 
the use of a volume delay to assess gas exchange in the non-steady-state 
could be useful during low flows (i.e. man or dog) but could lead to 
substantial error in the calculation of VOg* especially at higher 
ventilatory rates (i.e. pony or horse). For example* Figure 3 demon­
strates that the volume of gas required to pass through the system before
a .plateau of gas concentration was observed was relatively constant at
20-25 liters for the lower flows (40-100 liters/min) but was variable at
*
higher flows (Figure 3). Hence, the use of a volume delay to relate the 
appropriate gas concentrations and ventilations during exercise would 
seem inappropriate in large animal research. In contrast* a time delay 
technique would appear to be useful in large animal work since the time 
to reach a gas concentration plateau remains fairly constant at flows 
above 60 liters/min. Based on the present data, a time delay procedure 
appears entirely appropriate to measure gas exchange in man in the
non-steady-state at flow less than 60 liters/min.
In summary* an open circuit system employing a mixing chamber 
appears to be a sensitive means to quantitate gas exchange in the
non-steady-state. The response characteristics of individual systems may
70
vary and thus caution needs to be exercised to ensure the accurate 
calibration of the system prior to its use in non-steady-state research.
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Chapter III 
VENTILATORY AND BLOOD GAS DYNAMICS 
AT THE ONSET AND OFFSET OF EXERCISE IN THE PONY
INTRODUCTION
The mechanism to explain the hyperpnea of exercise has eluded 
physiologists for over 100 years, despite much interest in the topic. At 
present, there appear to be three major schools of thought concerning the 
control of ventilation (V£) during work. First, the rapidity of increase 
in ventilation at the onset of exercise has led many investigators to 
suggest that control of breathing during work is neurogenic in origin 
with the stimulus originating in the brain or from signals within the 
working muscles or limbs (D'Angelo and Torelli, 1971; Eldridge et al., 
1981; Flandrois et al., 1967; Fordyce et al., 1982; Kao, 1963). A second 
hypothesis proposes., that exercise hyperpnea is related to humoral stimuli 
(Wasserman et al., 1977; Wasserman et al., 1979), while the third theory 
suggests that exercise ventilatory control is accomplished via some 
combination of neurohumoral interaction (Dejours, 1963).
Recently, much interest has centered around the humoral hypothesis 
that exercise V£ is controlled in its entirety by CO^ return to the lung 
(COg flow hypothesis) (Wasserman et al., 1977; Wasserman et al., 1979). 
This theory asserts that a rapidly responding pulmonary COg receptor 
exists and that the increase in ventilation at the onset of exercise is 
proportional to CO^ return to the lung resulting in an isocapnic 
hyperpnea. Although the COj flow hypothesis is an attractive explanation 
for the hyperpnea of exercise, arterial isocapnia during work is not a 
universal finding. For example, although an isocapnic hyperpnea at the
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onset of work is reported by several investigators (Suskind et al., 1950; 
Weissman et al., 1979; Weissman et al., 1980; Young and Woodcock, 1978), 
others find arterial hypocapnia to occur during the transition from rest 
to exercise (Flandrois et al., 1974; Fordyce et al., 1982; Favier et al.,
1983). Groups reporting hyperventilation and thus hypocapnia at the 
onset of work argue that this response must be due to neural inputs to 
the respiratory control center which drives alveolar ventilation to 
increase out of proportion to COg return to the lung. Conversely, 
proponents of the COg flow hypothesis claim that an isocapnic exercise 
hyperpnea can only occur via the postulated pulmonary CO^ sensitive 
receptors which couple V£ and COg flow to the lung.
Hence, determination of the temporal pattern of V_ and blood gases 
during non-steady-state exercise is critical to resolution of the afore­
mentioned issues. At present, there are few comprehensive reports in the 
literature that describe blood gas alterations in awake equldae at the 
onset and offset of muscular exercise. Therefore, the purpose of these 
experiments was to determine the time course of V_ and blood gases in 
ponies during the transition from rest 'to steady-state exercise and 
during recovery from exercise.
METHODS
Experimental design and animals; Five healthy Welsh-Shetland mixed 
breed ponies (mean wt-191.8 ± 32.6 (SD) kg) were maintained at pasture 
for 36 weeks before experimentation with free access to hay and water. 
To aid in reduction of psychophysiological influences associated with the 
experimental protocol, the animals were exposed to the laboratory en­
vironment twice weekly for 12 weeks prior to data collection. Laboratory
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exposure included all facets of the experimental protocol and the 
laboratory personnel.
To determine the temporal pattern of arterial carbon dioxide tension
(PaCO.) and V_ during exercise, each animal was studied at two levels of2 £
work. Blood gas and ventilatory measurements were made at rest, during 
8-min of constant load treadmill exercise, and during 6-min recovery. 
The work loads selected for study were: 1) 50 m/min at 6% grade; 2) 70
m/min at 12% grade. These work loads were chosen because they represent 
light and moderate work rates, respectively, and are below the anaerobic 
threshold as determined via arterial pH (pH ). Order of treatment was 
randomly selected, animals were tested at the same time of day during 
each experiment, and 48 hours separated each test. All studies were 
performed at least 3.5-4.0 h postprandial under uniform environmental 
conditions: temperature ■ 20-22 *C; relative humidity . ■ 58-60%;
barometric pressure ■ 760-764 torr.
Data collection: Two days prior to each experiment, an indwelling
catheter was placed in the abdominal aorta using a modification of 
percutaneous techniques described by Will and Bisgard (1972). The 
cannula and connecting stopcock contained 2.5 ml of dead space and were 
maintained patent between experiments by heparinized 6aline.
Immediately before each experiment, bipolar surface electrodes were 
attached to the pony's chest via an elastic belt and connected to a 
cardiotachometer (model HR/6, EQB, Unionville, PA) to measure heart rate 
(HR) during the experiment. After the pony walked onto the treadmill, a 
rectal thermistor probe (Yellow Springs Instrument Co., Yellow Springs, 
OH) was inserted 35 cm past the anal sphincter to measure rectal tempera­
ture. A mask with attached non-rebreathing valve was then placed on the 
pony'8 muzzle to allow measurement of ventilation and gas exchange during
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the course of the experiments. Each exercise bout was preceded by a 
15-min rest period with an investigator positioned on each side of the 
animals head to position the animal with the halter, if needed, during 
work. Metal walls on the sides of the treadmill were used to minimize 
the animal's view outside the treadmill and thus reduce the possibility 
of outside disturbing influences on Vg.
Following the rest period, two A5 s arterial blood samples were
drawn consecutively over a 2-min period with simultaneous measurement of 
•
V_, breathing frequency (f), HR, and pulmonary gas exchange. Following b
collection of the final resting blood sample, the treadmill motor was 
started with the desired speed and elevation preselected. Measurements 
of V_, f, and gas exchange were made every 15 s throughout work and 
recovery using open-circuit spirometry. During the first 2 min of 
exercise, A arterial blood samples were drawn over 20 s periods at 0-30, 
30-60, 60-90, and 90-120 s. During each of the following 6-min of work, 
one A5 s sample was obtained per min. At the end of the 8-min of exer­
cise, the treadmill was immediately stopped and the pony rested quietly 
in place for 6-mln. Again, four arterial blood samples were drawn over 
20 s periods during the first two min of recovery with one A5 s sample 
drawn over each of the remaining four min.
Between each sampling period, the cannula was cleared of blood and 
the contents discarded. Each sample was uniformly drawn under anaerobic 
conditions using a 5-ml heparinized syringe. After blood removal, the 
syringe was immediately capped and stored on ice until analysis. The 
blood sampling periods were chosen to allow detection of any possible 
blood gas alterations that might occur during the transition from rest to 
work or Immediately following termination of exercise.
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Experiments without the breathing mask: To determine the effects of
the breathing mask on blood gases and pHa, each animal completed a third
exercise-recovery test without the mask at the moderate work rate (70
m/min at 12% grade). These tests were performed approximately 24 h
following completion of the final experiment with the mask. Arterial
blood samples were obtained over 45 s intervals during min 1-2, 3-4, 5-6,
7-8 of exercise, and during minutes 1-2, 3-4, and 5-6 of recovery.
Following blood gas analysis, PaC09 and pH values were compared betweenz &
the mask and no-mask experiments.
Sham exercise studies: In addition to the previous experiments, a
sham exercise experiment was performed on all animals in an effort to 
determine the influence of treadmill motor noise on HR and at the 
onset of work. Following 15 min of quiet rest, the treadmill motor was 
abruptly turned on without movement of the treadmill belt. Changes in HR
and V_ were monitored before and after the sham exercise.L
Blood analysis; Blood gas and pHa analysis were performed on a 
Corning blood gas and acid-base analyzer (model #158, Dallas, TX). The 
instrument was calibrated prior to and several times during the course of 
blood gas analysis using precision buffers and humidified gas analyzed by 
the Scholander method (1947). All samples were analyzed twice or until 
two P&COg readings were within 0.4 torr. Blood gas determinations were 
performed within 60 min after sample removal. Appropriate corrections 
were made for changes in rectal temperature during exercise 
(Severlnghaus, 1966) and plasma bicarbonate (HCO^”) calculated using the 
Henderson-Hasselbalch equation with pK' and COg solubility constants of 
6.099 and 0.0306 ml*l~* torr”*, respectively.
Blood concentrations of lactate were determined using the enzymatic 
technique described by Sigma (1972). Briefly, blood for lactate analysis
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was added to cold tubes containing 150 >il of dried 4% NaF to prevent 
coagulation and Inhibit glycolysis. One ml of whole blood was then added 
to 2 ml of cold 7% HCIO^ for protein precipitation. After the samples 
were mixed and centrifuged, the supernatant was removed and stored at 
-20°C until assay. Blood samples from all treatments for each animal 
were analyzed during the same day to avoid day-to-day variability in the 
assay. All samples were run in duplicate, and the intrassay coefficient 
of variation was 4.8%.
Measurement of ventilation and gas exchange: Inspired ventilation
was measured via a gasometer (Ram-9200, Rayfield Electronics, Chicago) 
fitted with a potentiometer. Prior to initiation of these experiments, 
the gasometer was calibrated by placing it in series with a 120-liter 
Tissot spirometer and passing gas through the system at various velocity 
profiles (i.e. 15-300 liters/min). Expired ventilation was channeled 
from a low resistance non-rebreathing valve via 85 cm length of 6.25 
diameter tubing into a 9.2 liter mixing chamber. Dead space of the mask 
and attached breathing valve was approximately 350 ml. Resistance on the 
inspired side of the valve (including tubing and gasometer) at a flow of 
7 1/s was 1.1 cm 1^0 •l"’* s”* while resistance on the expired side of the 
valve at flows of 7 1/s was 0.4 cm l^O'l • s
Gas was sampled from the exit port of the mixing chamber at a rate 
of 300 ml/min by Applied Electrochemistry (Pittsburgh, PA) 0^ and C0^ 
analyzers (model S-3A, CD-3, respectively). The gas analyzers were 
calibrated prior to and after each experiment with gas mixtures of known 
O2  and CO2  concentration determined via the Scholander technique (1947). 
Electrical signals from the gas analyzers and dry gas meter underwent 
analog to digital conversion and were sent to a Rockwell Aim-65 
microcomputer for processing which provided a hard copy of all calculated
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variables (i.e. oxygen uptake* carbon dioxide output* etc.). In perform­
ing calculations of gaB exchange variables* it was necessary to introduce 
a time delay to account for the washout characteristics of the mixing 
chamber and the response time of the gas analyzers. This technique has 
been shown to provide accurate measures of gas exchange in both humans 
and large animals (Powers* 1985).
Alveolar ventilation was calculated via the alveolar ventilation 
equation:
VA - (VC02/PaC02)(0.836)
• •where is alveolar ventilation, VC02 is the volume of C02 output* and
0.836 is a correction factor for expressing in BTPS when VC02 is 
expressed in STPD. Physiological dead space was calculated using the 
Bohr equation:
VD/VT « (PaC02-PEC02)/(PaC02)
where V_/V„ is the ratio of dead space volume to tidal volume, and P-CO- U J. b z
is the partial pressure of C02 in mixed expired gas.
Statistical analysis. Analysis of variance for repeated measures 
was used to analyze the temporal pattern of all measured variables. 
Resting PaC02 for each animal was computed as the average of two 45 s 
blood samples. For purposes of analysis* PaC02 for each measurement 
period was subtracted from the mean resting ?&C02 prior to that 
experiment. Significance was established at P < 0.05. Where indicated, 
the Newman-Keuls multiple range test was used to determine where signifi­
cant differences occurred.
RESULTS
Absolute and relative changes in PaC02 as a function of experimental 
treatment are presented in Figures 1 and 2* respectively. Arterial PC02
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decreased significantly (P < 0.05) below resting values within 1 min 
after commencement of work and reached a nadir at 90 s with the higher 
work rate producing the lower (P < 0.05) PaCX^. Following the nadir, 
PaCO^ increased at both work rates and reached values that were not 
significantly different (P >0.05) from rest at min A of exercise. At the 
termination of work PaCO^ began to rise and reached a zenith above
resting values (P < 0.05) at 2-3 min during recovery. Following this
recovery peak, PaCO^ began to fall and did not differ (P > 0.05) from
resting values.
Changes in arterial lactate concentrations, HOÔ "", Pa02* and pHfl are 
presented in Table 1. Although blood lactate levels tended to increase 
slightly at the onset of work, the increase above rest was not signifi­
cant (P > 0.05) at either work rate. Further, no difference (P > 0.05) 
existed in blood lactate concentrations between work rates. . Similarly, 
blood HCO^- levels were not altered (P > 0.05) from rest during exercise 
or recovery in either experimental condition. Arterial pH was signifi­
cantly increased (P < 0.05) above rest at each measurement period during 
exercise and during the first two min of'recovery. Finally, Pa02 was 
significantly Increased (P < 0.05) above rest only during the first 2 min 
of exercise.
• •The time course of and are presented in Figure 3, while Figure 
A contains data describing the temporal pattern of VCO2 . There was a 
rapid rise in all three variables at the onset of exercise, followed by a 
slower rise to reach steady-state by approximately min 3 of work. 
Similarly, all three variables decreased sharply at cessation of work, 
followed by a slower decline toward resting values. Steady-state Vg, V^, 
and VCO2  (min 3-8) were significantly higher (P < 0.05) during work at 






























Figure 1. Changes in arterial PCO^ during two levels of 











Figure 2. Changes in arterial PCO- during two levels of 
exercise and recovery in ponies. ValueB are means expressed 





exercise intensity. Figure 5 contains data describing the changes in f, 
V̂ ,, and At the onset of exercise* f increased significantly (P <
0.05) and remained elevated above resting values throughout exercise and 
during min 1 of recovery. Respiratory frequency was not affected (P > 
0.05) by the work rate. In contrast, VT was significantly (P < 0.05) 
higher during exercise and during the first 2 min of recovery at the 
higher work rate when compared to the lower load. Tidal volume was 
greater (P < 0.05) than rest in both exercise treatments at all 
measurement periods during work and the first min of recovery. V^/V^ 
decreased significantly (P < 0.05) below resting values at both work 
rates during min 1 of exercise and reached a plateau by min 2. V^/V^ was
significantly lower (P < 0.05) during min 2-8 of exercise at the higher 
work rate when contrasted with the lower work rate. At the termination 
of work, VD/VT increased over the first 2 min of recovery in both 
experimental conditions and was not significantly different from rest 
during min 2-6 of recovery.
Heart rate changes during exercise and recovery are discussed in 
detail in Chapter IV. Briefly, rate increased rapidly upon commencement 
of work at both work rates reaching a peak at 90 s of work followed by a 
slight decline to steady-state. Steady-state HR was significantly higher 
(P < 0.05) during exercise at the higher work rate when contrasted with 
the lower load. At cessation of work, HR declined sharply during the 
first 30 s followed by a slower decline toward resting values. Although 
HR tended to be higher during recovery following exercise at the higher 
work rate when compared to the low load, the difference was not 
significant (P > 0.05).
Figure 6 presents a comparison of PaCO^ values during exercise 
(12%-70 m/min) and recovery when the animals were wearing the mask-valve
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Table 1. Changes In arterial pH (pHa), blood bicarbonate (HCO^ )» blood 
lactate concentration (La)» and arterial 0^ tension (FaO^) during the 






rest 2 4 8 2 6
6%-50 M/M
pHa 7.44 7.46* 7.47* 7.46* 7.46* 7.45
±0.006 ±0.007 ±0.007 ±0.006 ±0.007 ±0.006
HCO 28.4 28.1 29.6 29.6 29.7 28.7
±1.0 ±1.1 ±1.3 ±1.2 ±1.1 ±1.4
La 1.0 1.4 1.4 0.9 1.2 1.1
±0.2 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1
PaO. 101 110* 103 100 103 101
±1.9 ±1.1 ±2.2 ±2.1 ±1.7 ±1.6
12%-70 M/M
pHa 7.43 7.45* 7.45* 7.45* . 7.43 7.43
±0.006 ±0.006 ±0.007 ±0.006 ±.008 ±.007
HCO “ 29.6 29.5 29.5 30.1 29.6 28.3J ±1.2 ±1.1 ±1.2 ±1.2 ±1.0 ±1.1
La 1.0 1.6 1.4 1.2 1.1 1.0
±0.1 ±0.3 ±0.2 ±0.1 ±0.1 ±0.1
Pa0„ 103 112* 104 104 103 106z ±2.1 ±2.3 ±3.2 ±3.0 ±2.4 ±2.6
*Significantly different from rest at P < 0.05
HCO^ expressed in meq/liter 
La expressed in mM/liter 




























Figure 3. Changes in expired ventilation (VE) and alveolar 
ventilation (VA) during two levels of exercise and recovery in 

























Figure 4. Effects of two levels of.muscular exercise and 











Figure 5. Changes in respiratory rate, tidal volume, and 
dead space to tidal volume ratio during two levels of 







system vs. exercise and recovery without the mask-valve breathing system. 
No significant (F > 0.05) differences existed in P&COg between the 
experimental conditions. Finally, Figure 7 presents the effects of sham
exercise on HR and V_. Although mean HR and V_ tended to increase duringE E
the first 30 s of sham exercise, the increase above’ rest was not 
significant (P > 0.05). The mean increase in HR and Vg during the sham 
exercise was primarily due to the response of one animal with the remain­
ing 4 animals showing little or no response to sham exercise.
DISCUSSION
These data demonstrate that ponies do not exhibit arterial isocapnia 
in the transition from rest to work or during recovery from exercise. 
This response was observed in every animal at both work rates. The 
marked drop in PaCC^ at the onset of exercise demonstrates a mismatch of 
alveolar ventilation arid CO^ return to the lung. Hence, these data do 
not support the CO2  flow hypothesis of exercise ventilatory control in 
the pony. It could be that extraneous physiological or psychological 
variables induce the observed hyperventilation at the onset of work. 
However, several lines of evidence suggest not. For example, an in­
creased ventilatory drive due to metabolic acidosis or arterial hypoxia 
could not explain the decrease in PaCt^ since Pat^ increased at the onset 
of work and the arterial blood was clearly alkalotic (Table 1).
A major threat to Internal validity in any experiment utilizing 
awake animals is the possibility that the experimental protocol influ­
ences true physiological response due to psychophysiological inter­
actions. Great care was taken in the present experiments to avoid such 
Influences. First, the animals were exposed to all facets of the experi­


















Figure 6. Effects of wearing the mask-valve breathing system on 
arterial PCO- in ponies during treadmill exercise and recovery at 



















Figure 7. Effect of sham exercise on expired ventilation
(V_) and heart tate (HR) in ponies. Values are means * SEM. E
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lection. Secondly* care was taken to avoid interfering noises during 
testing and the animal's view of the laboratory was shielded via metal 
walls to avoid visual disturbances. Finally* the failure of ponies in 
the sham experiments to exhibit significant increases (P > 0.05) in 
either HR or V_ suggest that the sudden noise of the treadmill motor at£i
the onset of exercise did not alter the true ventilatory response of the 
animal.
The hypocapnic hyperpnea observed at the onset of submaximal exer­
cise in ponies in the present experiments is similar to data on ponies 
published by Pan et al. (1983) but differs from reports that suggest that 
exercise hyperpnea is isocapnic in humans (Beaver and Vasserman* 1968; 
Suskind et al.* 1950) and dogs (Lamb* 1968; Velssman et al.« 1979). What 
is the explanation for the variation in these findings? One possible 
explanation is that a species difference exists in control of ventilation 
during exercise. It seems possible that the pony does not regulate PaCO^ 
as tightly in the non-steady-state as does man or the dog. However* it 
should be pointed out that not all investigators agree that PaCO^ remains 
unchanged from rest during work in humans and dogs. For example* 
Flandrois et al. (1974) and Favier et al. (1983) report that 
hyperventilation occurs in the dog during muscular exercise while Fordyce 
et al. (1982) have recently demonstrated that hypocapnia occurs at the 
onset of work in humans. The reasons for the divergent findings are not 
clear. Pan et al. (1983) have argued that most of the previous studies 
regarding exercise PaCO^ were not designed to detect small changes in 
blood gases. They suggest that many of the studies that demonstrate an 
exercise arterial isocapnia have reported preexercise PaCO^ values that 
are typically lower than resting values for the species studied (Beaver 
and Vasserman* 1968; Lamb* 1968; Suskind et al.* 1950; Vasserman et al.*
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1975). Further, Pan et al. (1983) contend that even mild 
hyperventilation at rest in these studies could have masked an exercise 
hypocapnia. Note that extreme caution was employed in the present 
experiments to avoid preexercise hyperventilation and that the resting 
PaCOg reported is consistent with normal resting values in the pony (Pan 
et al., 1983; Klein et al., 1982).
If COg return to the lung does not regulate ventilation during 
exercise in the pony, what factor(s) control pulmonary adaptation to 
exercise in this species? A definitive answer to this question is not 
possible at present. However, the pattern of PaCOg change in the transi­
tion from rest to steady-state exercise and from exercise to rest may 
have implications concerning control of the hyperpnea. The present data 
and work by Pan et al. (1983) demonstrate a mismatching of and 
return to the lungs at the onset of muscular exercise which, leads to a 
rejection of Hasserman's CO^ flow hypothesis as the mediator of exercise 
hyperpnea in the pony. Unfortunately, the data do not provide the 
necessary answers required to completely accept or reject either the
neural or the neural-humoral hypothesis of exercise V_ control. However,b
the general pattern of V£ and PaCX^ at the onset and offset of work
appears consistent with the general tenets of the neuro-humoral
hypothesis of exercise hyperpnea. For example, at the beginning of
exercise, the increase in V_ is extremely rapid with 40-50% of theb
steady-state V being obtained within the first 7.5 s of work. The fact E
that V-. rises dramatically within seconds after the commencement of 
exercise suggests a rapid neural influence on ventilatory control (Pan et 
al., 1983; Fordyce et al., 1982; Dejours, 1963; Eldridge et al., 1981; 
Favier et al., 1983). Nonetheless, the gradual rise in PatX^ back toward 
resting values in ponies after the first 90 s of work might imply some
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delayed form of humoral control. Further, examination of PaCO^ changes 
In the transition from exercise to rest provides additional support for 
this notion. Indeed, at the cessation of work, P&COg rises above resting 
values followed by a decline back to control values. The increase in 
PaCOg during recovery might be due to a rapid withdrawal of neural 
ventilatory drive which results in a relative hypoventilation in light of 
the fact that metabolic CO^ production will remain elevated above rest 
for several min post exercise. Again, the adjustment of PaCO^ back 
toward resting values might be suggestive of a slower humoral control 
(Figure 1).
What direct evidence exists to document the existence of both neural 
and humoral input to respiratory control in the pony? At present, there 
are no published reports that unequivocally demonstrate the existence of 
either afferent or efferent neural influence on ventilatory control in 
this species. Speculation about neural influence on the exercise 
hyperpnea in the pony is based on extrapolation from work in other 
mammalian species (Kao, 1963; Eldridge et al., 1981). However, data 
exist to support the notion that humoral mechanisms may play a role in 
the control of exercise V_ in the pony. Pan et al. (1983) and Forster et 
al. (1983) have shown that the carotid bodies attenuate V£ at the onset 
of exercise in ponies. In contrast, work by Bisgard et al. (1978) 
suggests that it is unlikely that the medullary chemoreceptors play a 
role in the regulation of exercise hyperpnea. Although the exercise 
hyperpnea is clearly not isocapnlc, do COg sensitive pulmonary receptors 
exist in the pony and could these chemoreceptors play a delayed role in 
the humoral regulation of exercise hyperpnea via a delayed coupling of 
and COg flow to the lung? A well controlled series of experiments by Pan 
et al. (1983; 1984) suggests that the answer is no. These authors
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demonstrated that the temporal pattern of pulmonary CO^ flow had little 
or no Influence on V_ during exercise In normal ponies.C(
If chemoreceptors on the arterial side are responsible for at least 
part of the control of Vg during exercise, why does PaCC^ continue to 
decline during the first 90 s after the commencement of exercise? This 
question Is pertinent, since one would expect the response time of these 
chemoreceptors to be considerably less than 90 s given the reduction in 
circulation time during exercise. In other words, why Is the adjustment 
in PaCO^ back to resting values so slow? Ho clear answer to this ques­
tion is available. However, central nervous system modulation of input 
to the respiratory control center may be a major factor Involved in
tcontrol of V£ during exercise (Dejours, 1967). Hence, input from peri­
pheral chemoreceptors to the respiratory control center may be dampened 
during the first few s of work due to general central nervous system 
arousal. Additional research is needed to reject or support this hypo­
thesis.
Bisgard et al. (1978) have argued that the pony is a suitable animal 
model for study of the control of exercise hyperpnea in man. However, 
several differences appear to exist between man and pony in the 
regulation of Vp/VT » and V̂ , during exercise. First, Vp/V̂ , at rest in 
man is approximately 0.35 compared to 0.58 in the pony. Upon commence­
ment of light exercise, decreases in man to approximately 0.15
(Asmussen, et al., 1965) while decreases only slightly (i.e.
0.54-0.49; Figure 5) during light exercise in the pony. The species 
difference is likely due to larger anatomical dead space in the pony 
(Bisgard et al., 1978). Further, calculations by Bisgard et al. (1978) 
suggest that Increases 410 ml per 1000 ml increase in in ponies 
while Vp increases only 60 ml/1000 ml increase in man (Asmussen, et
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al., 1965). Finally, Figure 5 demonstrates that at low VOj's the pony
«
uses an Increase In £ as the primary means of augmentation of V_ with£«
only small changes In V^. In contrast, during moderate exercise In man 
V,j. Increases relatively more than f (Powers et al., 1982).
The question must be raised: what effect did the mask and breathing
system have on the pony's ventilatory response to exercise? The answer 
Is not completely clear. However, no significant difference (P > 0.05) 
existed in exercise PaCO^ between the mask-no mask experiments which 
suggests that was not altered by wearing the mask. Nonetheless, the 
elevated resistance to airflow due to wearing the mask might alter the 
pattern of ventilation by a reflex reduction in f in an effort to reduce 
the work of breathing. Bisgard et al. (1978), after a comprehensive 
examination of the effects of a mask-valve apparatus on the pulmonary 
adaptation in the pony during exercise, concluded that f without the mask 
was indeed higher than f while wearing the mask, but that the mask-valve 
system did not cause the aforementioned unique breathing pattern in the 
pony. Those conclusions seem applicable to the present study since the 
resistance of mask-valve apparatus employed' within this paper was similar 
to that of Bisgard et al. (1978).
In conclusion, the major contribution of this study is the finding 
that exercise hyperpnea in the pony is not isocapnic nor is PaCO^ main­
tained at resting levels in the transition from exercise to rest. 
Therefore, these data do not support the CO^ flow hypothesis of exercise 
ventilatory control in this species. Although breathing through the 
mask-valve system probably does not provide a "perfect" representation of 
the pony's ventilatory response to exercise, it does not significantly 
alter P&COg and is therefore considered an acceptable means of studying 
pulmonary adaptation to exercise in this animal. Finally, it appears
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that the pony differs from man in the regulation of VT » V^, and f during 
submaxlmal exercise. At present it is not possible to explain these 
differences between species. However, it is tempting to speculate that 
the difference in the breathing pattern between the species is due to 
differences in lung/chest wall compliance, airway resistance, and the 
inherent mechanisms designed to minimize the work of breathing. There is 
clearly much more to be learned about this fascinating topic.
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Chapter IV
OXYGEN DEFICIT-OXYGEN DEBT RELATIONSHIPS 
IN PONIES DURING SUBMAXIMAL TREADMILL EXERCISE
INTRODUCTION
At the onset of muscular exercise in humans, oxygen uptake (VO^) 
measured via pulmonary gas exchange rises in a monoexponential manner 
with a half-time of approximately 30 seconds in untrained subjects 
(DeMoor, 1954; Whipp, 1971). Hence, it appears that VO^ lags behind the 
mechanical events of the muscle and thus the energy needs of the muscle
must be met by anaerobic sources (di Prampero et al., 1983). This
inadequate supply of energy from aerobic sources is met by the 
rephosphorylation of ADP by creatine phosphate (CP) and anaerobic
glycolysis with the role of glycolysis being increased as the intensity 
of work increases (Hughson, 1984).
« •At the cessation of exercise, VOg remains elevated above resting VO^
for several minutes and the amplitude of the increase is a function of 
the intensity of the work task (Whipp and Mahler, 1980). The term oxygen 
deficit is used to describe the inadequate VO2  consumption at the onset 
of exercise and the term oxygen debt is used to describe the elevated 
post-exercise VO2  (Margaria et al., 1963; di Prampero et al., 1983). 
Although use of the term 0^ debt has been criticized (Stainsby and
Barclay, 1970; Brooks et al, 1971; Gaesser and Brooks, 1984), Hughson 
(1984) has argued that the 0^ deficit must be accounted for energetically 
in some way.
In humans, the magnitude of the 0^ deficit is generally believed to 
be equal to the O 2  debt in exercise of moderate intensity (i.e. below the
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anaerobic threshold) (Whipp and Mahler, 1980; Knuttgen and Klausen, 1971; 
Linnarsson, 1974). In contrast, during heavy exercise, the 0^ debt is 
found to be greater than the 0^ deficit (Asmussen, 1946; Christensen and 
Hogberg, 1950).
It has been suggested that the pony is a suitable model for the 
study of exercise ventilatory control as well as other aspects of exer­
cise physiology (Bisgard et al., 1978; Forster et al., 1984; Pan et al., 
1984). A recent report demonstrates that the rate of 0^ uptake in the 
pony at the onset of moderate work is faster than that observed in man 
which could result in a relatively small deficit (Forster et al.,
1984). Assuming the kinetics of post-exercise VO^ in ponies is similar 
to that observed in humans and other mammalian species, the Og debt would 
exceed the Og deficit. Unfortunately, to date, there are no published 
data to describe the 0 ^ deficit-02 debt relationship in the ppny. Hence, 
the purpose of these experiments was to examine the O2  deficit- 0 2  debt 
relationship., in ponies at two levels of muscular work.
METHODS ■*
Experimental design and animals; Five healthy Welsh-Shetland mixed 
breed ponies (mean wt 191 ± 32 (SD) kg) were maintained at pasture for 36 
weeks before experimentation with free access to hay and water. To aid 
in a reduction of psychophysiological influences associated with the 
experimental protocol, the animals were exposed to the laboratory en­
vironment approximately twice weekly for 12-weeks prior to any data 
collection. Laboratory exposure included all facets of the experimental 
protocol and the laboratory personnel.
To determine the relationship between deficit and 0^ debt, each 
animal was studied at two exercise intensities. Determination of
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arterial 0^ content, percent hemoglobin saturated with O2  (%Sa02), blood
hemoglobin (Hb) concentration, blood 2-3-diphosphoglycerate (2-3-DPG)
concentration, and ventilatory/gas-exchange measurements were made at
rest, during 8-min of treadmill exercise, and during 4-min recovery. The
work loads selected for study were: 1) 50 m/min at 6% grade; 2) 70 m/min
at 12% grade. These work loads were chosen because they represent light
and moderate work rates, respectively, and are below the animal's
anaerobic threshold as determined via arterial pH (pH ). Additionally,
step increases in energy expenditure between the work rates were similar
with the low work rate resulting in a relative increase (i.e. above rest)
-1 -1in steady-state V02 of approximately 10 ml*kg • min . Similarly, the
V02 requirement at steady-state during the moderate work rate was
-1 -1approximately 10 ml*kg • min above the steady-state V02 at the low work 
rate. The treatment order was randomly selected, animals were tested at 
the same time of day during each experiment, and 48 hours separated each 
experiment. All studies were performed at least 3.5-4.0 h postprandial 
under uniform environmental conditions: temperature - 20-22°C; relative
humidity ■ 50-60%; barometric pressure ■ 760-764 torr.
Data Collection: Two days prior to each experiment, an indwelling
catheter was placed in the abdominal aorta using a modification of 
percutaneous techniques described by Hill and Bisgard (1972). The 
cannula and connecting stopcock contained 2.5 ml of dead space and were 
maintained patent between experiments by heparinized saline.
Immediately before each experiment, bipolar surface electrodes were 
attached to the pony's chest via an elastic belt and connected to a 
cardiotachometer (model HR/6, EQB, Unionville, PA) to measure heart rate 
(HR) during the experiment. After the pony walked onto the treadmill, a 
rectal thermistor probe (model 401, Yellow Springs Instrument Co., Yellow
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Springs, OH) was Inserted 35 cm past the anal splncter to measure rectal 
temperature. A mask with attached non-rebreathing valve was then placed 
on the pony's muzzle to allow measurement of ventilation and gas exchange 
during the course of the experiments. Each exercise bout was preceded by 
a 15-min rest period with an investigator positioned on each side of the 
animal's head to position the animal with the halter* if needed* during 
exercise. Metal walls on the sides of the treadmill were used to mini­
mize the animal's view outside the treadmill and thus reduce the pos­
sibility of outside disturbing influences on ventilation and metabolism.
Following the rest period* two 45 s arterial blood samples were
drawn consecutively over a 2-min period with simultaneous measurement of
expired ventilation (V_) breathing frequency (f)* HR, and pulmonary gas
exchange. Following collection of the final resting blood sample, the
treadmill motor was started with the desired speed and elevation
«
preselected. Measurements of V_, f, HR, and gas exchange were made everyE
15 s throughout work and recovery using open-circuit spirometry (Powers*
1985). During the first 2 min of exercise* 4 arterial blood samples were 
drawn over 20 s periods at 0-30, 30-60* 60-90, and 90-120 s. During each 
of the following 6-min of work* one 45 s sample was obtained per min. At 
the end of 8-min of exercise* the treadmill was immediately stopped and 
the pony rested quietly in place for 4-min. Again* four arterial blood 
samples were drawn over 20 s periods during the first two min of recovery 
with one 45 8 sample drawn over each of the remaining two min. Between 
sampling periods, the cannula was cleared of blood and the contents 
discarded. Each sample (s 4-ml) was uniformly drawn under anaerobic 
conditions using a 5-ml heparinized syringe. After blood removal, the 
syringe was immediately capped and stored on ice until analysis.
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Blood analysis: Blood gas and pH analysis were performed on a
Corning 158 (Dallas* TX) blood gas and acid-base analyzer which was 
calibrated prior to and several times during the course of blood gas 
analysis using precision buffers (Corning* Dallas* Texas) and humidified 
gas which had been analyzed via the Scholander technique (1947). All 
samples were analyzed twice or until two arterial CO2  tension readings 
were within 0.4 torr. Blood gas determinations were performed within 60 
min after sample removal. Appropriate corrections were made for changes 
in rectal temperature during exercise (Severinghaus* 1966). Blood
hemoglobin (Hb) concentration was determined using the cyanomethemoglobin 
technique described by Hainllne (1958). Assays were run in duplicate on 
the day of blood collection with the Intraassay coefficient of variation 
being 2.3%.
The blood concentration of 2-3 DF6 was determined using the tech­
nique of Rose and Liebowitz (1970). Briefly, 1 ml of freshly drawn blood 
was added to 3 ml of cold 8% trichloroacetic acid, mixed* and centrifuged 
for 10 min to provide a protein-free supernatant. The supernatant was 
stored at 0°C until assay. All samples were assayed in duplicate within 
60 hr after blood collection with all•treatments for each animal being 
assayed on the same day. The intrassay coefficient of variation for 2-3 
DF6 was 8.2%.
The %Sa02 was calculated via the equation of Lutz et al. (1975) for 
horse blood using measured values for PaCO., PaO.* and pH . The arterialZ Z 8
O2  content was calculated using a hemoglobin binding capacity of 1.34 
ml/gm and an O2  solubility coefficient for horse blood of 0.021 ml»torr”. 
liter”*' (Pan et al., 1984).
Measurement of Ventilation and gas exchange: Inspired ventilation
was measured via a dry gas meter (Ram-9200* Rayfield Electronics,
106
Chicago* IL) fitted with a potentiometer. Expired ventilation was 
channeled from a low resistance non-rebreathing valve via 85 cm length of 
6.25 diameter tubing into a 9.2 liter mixing chamber. Dead space of the 
mask and attached breathing valve was approximately 350 ml. Resistance 
on the inspired side of the valve (tubing and dry gas meter) at a flow of 
7 1/s was 1.1 cm 1^0*1 • s * while resistance on the expired side of the 
valve at flows of 7 1/s was 0.4 cm 1^0‘I- * s"*̂ .
Gas was sampled from the exit port of the mixing chamber at a rate 
of 300 ml/min by an Applied Electrochemistry S-3A 0^ analyzer and an 
Applied Electrochemistry CD-3 CO^ analyzer (Pittsburgh* PA). Electrical 
signals from the gas analyzers and dry gas meter underwent analog to 
digital conversion and were sent to a Rockwell Alm-65 microcomputer for 
processing which provided a hard copy of all calculated variables (i.e. 
oxygen uptake* carbon dioxide output* etc.) In performing calculations 
of gas exchange variables* it was necessary to introduce a time delay to 
account for the washout characteristics of the mixing chamber and the 
response time of the gas analyzers. This technique has been shown to 
provide accurate measures of gas exchange in both humans and large
animals (Powers* 1985).
Determination of Og deficit-02 debt. The O2  deficit was calculated
by subtracting the overall amount of O2  consumed during the first 4 min 
of exercise from the amount of O2  consumed during an equal amount of time 
at steady-state (i.e. min 4-8 of exercise). Similarly* the O2  debt was 
calculated by subtracting the total amount of O2  consumed during the 
first 4 min of recovery from the amount of O2  consumed during an equal 
period of pre-exercise rest.
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Statistical analysis. A paired Student's t test was used for all 
individual and work rate comparisons of the 0^ deficit and 02 debt. 
Analysis of variance for repeated measures was used to compare blood 
concentrations of 2-3 DPG, %Sa02, blood Hb concentration, and Pa02 during 
the two levels of exercise and recovery. When indicated, a Newman-Keule 
multiple range test was used post-hoc with the critical P < 0.05.
To determine the kinetics of V02 during the transition from rest to 
steady-state exercise, the data were fit using nonlinear least-squares 
regression to a function of the type:
(1) V02t - a(l-e“klt)
• •where V02t is V02 at time t, a is a calculated constant, t is time in
seconds, and k^ is a rate constant. To determine the rate of change of 
• •V02 at the offset of exercise, V02 data during recovery were modeled 
using the compound function:
(2) V02t - ae”klt
where the symbols are analogous to those in equation 1. The half-time 
was used as the kinetic parameter to describe the rate of V02 change at 
the onset and offset of exercise.
RESULTS
The 02 deficit was significantly (P < 0.05) lower than the 02 debt 
at each of the two work rates with the mean ratio of the 02 debt to the 
02 deficit being 2.04 and 1.57 at the low and moderate work rates, 
respectively (Table 1). Further, the 02 deficit incurred during the 
moderate work rate was significantly greater (P < 0.05) than the 02
deficit at the lower exercise intensity. A similar relationship existed 
between the 02 debts with the 02 debt following the moderate work rate 
being significantly larger (P < 0.05) than the debt at the low work rate.
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The mean increase in the 0^ deficit from the low work rate to the moder­
ate work rate represented a 129% increment. Further, the mean rise in 
the Og debt as a result of the step increase in power output was 76%.
Figure 1 represents the change in VOg in the transition from rest to 
exercise and during recovery at both exercise intensities. The 
half-times for V0^ at the commencement of exercise and during recovery 
for both work rates are presented in Table 2. At each work load the VO^ 
half-time at the beginning of work was significantly less (P < 0.05) than 
the half-time calculated for recovery VOg. No significant difference (P 
> 0.05) existed between the recovery half-times as a function of work 
rate. However, the VO^ half-times at the onset of exercise were 
significantly lower (P < 0.05) during work at the low rate when compared 
to the moderate work rate. The 0^ debt and deficit are plotted as a 
function of steady-state VO2  in Figures 2 and 3, respectively. These 
figures demonstrate that both the 0^ deficit and debt increase as a 
function of steady-state
The change in blood Hb concentration and arterial 0^ content as a 
function of time during exercise and recovery are presented in Figure 4. 
Although blood Hb concentration began to rise during the first min of 
work, the increase was significant (P < 0.05) at only min 2, 3, 4, 5, 6, 
7, 8 during exercise and at min 2 of recovery at the low work rate. At 
the moderate work rate, blood Hb concentration was significantly higher 
(P < 0,05) than rest at min 2, 3, 4, 5, 6, 7, 8 during exercise and 
during min 2 and 4 of recovery. The peak increase, above rest, in blood 
Hb concentration during exercise averaged 1.1 g/100 ml and 2.1 g/100 ml 
at the low and moderate work rates, respectively. Although the blood Hb 
concentration tended to be higher during exercise at the moderate work 
rate when contrasted to the low load, the difference was not significant
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Table 1. Means ± SGM for the 0„ deficit and the 0^ debt at two levels of 
treadmill exercise In ponies ■ 5). Values are expressed In li­
ter s/min» STPD.
work rate 0^ deficit 0^ debt
6% - 50 m/min 0.45 a,b 0.92 c
±0.12 ±0.13
12% - 70 m/min 1.03 a 1.62
±0.20 ±0.12
a-Og deficit significantly different (P < 0.05) from 0^ debt at the same 
work rate.
b-Og deficit significantly different (P < 0.05) between work rates. 
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Figure 1. Changes in oxygen uptake (VC^) at the onset and offset 
of two levels of treadmill exercise in ponies. Values are means 
(N = 5).
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«Table 2. Means ± SEM for the half-times of VOg at the onset and offset 
of treadmill exercise In ponies (N ** 5). Values are expressed In sec­
onds.
work rate onset exercise offset exercise
6% - 50 m/mln 10.6 a, b 17.8
± 2.3 * 1.4
12% - 70 m/min 17.0 a 21.2
± 1.5 ± 0.8
a-Signifleantly different (F < 0.05) from offset of exercise. 

















Figure 2. The relationship between steady-state oxygen consumption 

























e 2.0 s.ei.e 3.0 4.0
STEADY-STATE V02 CL/MIN)
Figure 3. The relationship between steady-state oxygen consumption 
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Figure 4. Changes in arterial oxygen content and blood hemoglobin 
(HB) concentration during exercise and recovery in ponies. Values 
are means ± SEM.
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(P > 0.05). As expected, the change in arterial 0^ content followed the 
same pattern as Hb concentrations. That is, blood 0£ content was signif­
icantly increased (P < 0.05) above rest at min 2, 3, 4, 5, 6, 7, 8 
during exercise and at min 2 of recovery at the low work rate. 
Similarly, arterial 0^ content was significantly elevated (P < 0.05) 
above resting values at min 2, 3, 4, 5, 6, 7, 8 during exercise at the 
moderate work load and during min 2 and 4 of recovery. No significant 
difference (P > 0.05) existed between arterial 0^ content as a function 
of work rate.
Changes in arterial 0^ tension (PaO^), XSaO^, and 2-3 DPG concen­
trations are presented in Table 3. Percent Hb saturated with O2  and 
blood 2-3 DPG concentrations were not significantly altered (P > 0.05) 
from rest at any time period during exercise or recovery at either work 
rate. In contrast, PaOg was significantly higher than rest at min 1 of 
exercise during both experimental treatments. Although PaO^ tended to be 
greater during min 1 at the moderate work rate when compared to the low 
work rate, the difference was not significant (P > 0.05).
Finally, HR increased rapidly at the bnset of exercise at both work 
rates reaching a peak at approximately 30-45 s before decreasing to a 
steady-state level (Figure 5). Heart rates at steady-state (min 3-8) 
were significantly greater (P < 0.05) during exercise at the moderate 
work rate when contrasted to the HR's measured during steady-state work 
at the low load. At cessation of exercise, HR decreased rapidly and was 
not significantly different from rest at min 9.5-14 of the protocol. 
Although HR tended to be higher during recovery following the moderate 
work rate when compared to the low work rate, the difference was not 
significant (P > 0.05).
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Table 3. Mean ± SEM for O.-hemoglobin saturation (ZSaOg), partial 
pressure of 0^ In arterial blood (Pa0„)» and blood concentrations of 2-3 
DPG at rest, exercise, and post-exerclse in ponies (N ■ 5). Post exer­











ZSaO. 97.9 98.1 97.1 97.8 98.0Z ± 0.2 ± 0.3 ± 0.1 ± 0.1 ± 0.1
Pa0„ 101 111 * 103 100 104z ± 1.9 •+i ± 2.2 ± 2.1 +• 1.7
2-3 DPG 26.2 26.3 24.8 25.9 25.6
± 2.4 ± 2.1 ± 1.9 ± 1.9 ± 3.1
12%-70 m/min
%Sa0o 97.9 98.1 97.9 97.8 98.2Z ± 0.1 ± 0.1 ± 0.1 ± 0.2 ± 0.2
PaO, 103 114 * 104 104 * 105z ± 2.1 ± 2.3 ± 3.2 ± 3.0 ± 2.4
2-3 DPG 28.1 27.0 26.1 23.6 25.8
± 2.1 ± 1.9 ± 2.5 ± 2.0 ± 2.4
* Significantly different (P < 0.05) from rest. 
PaOg-expressed in torr.


































Figure 5. Changes in heart rate in the transition from rest to 
steady-state exercise and during recovery from exercise in ponies. 
Values are means (N = 5).
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DISCUSSION
A major point of interest emerging from these experiments is that 0^ 
debt greatly exceeds the 0^ deficit during submaximal exercise in ponies. 
As discussed previously, 0^ deficit and 0^ debt in humans are generally 
equal during submaximal exercise below the anaerobic threshold. However, 
the present data clearly demonstrate that in ponies the 0^ debt is 
1.5-2.0 times greater than the 0^ deficit during light to moderate 
exercise. Hence, the 0^ deficit/02 debt relationship is dissimilar 
for ponies and humans.
The explanation for this apparent species difference in the O 2  
deficit- 0 2  debt relationship probably relates to those variables which 
contribute to the differences in VO2  kinetics at the onset of exercise. 
Comparison between the present data on ponies and published values for 
VO2  kinetics in humans at the onset and offset of exercise suggest that 
VO2  half-times during recovery from exercise are similar between the 
species but that VO2  kinetics differs at the beginning of work. 
Specifically, the half-times of VO2  at the onset of exercise in ponies 
reported here (Table 2) are approximately 5-12 s lower than published 
values for trained humans (Powers et al., 1985; Hickson et al., 1978) or 
10-20 s lower than untrained humans (DeMoor, 1954; Whipp, 1971; Hickson 
et al., 1978). The effect of a slow or fast VO2  half time at the onset 
of exercise on the O2  deficit can be appreciated by the following
example. The O2  deficit is calculated as the difference between steady
• • • •
state VO2  (VO2 SS) and VO2  at time t OK^t) as given by the Integral:
(3) O 2  deficit ■ ^  (W^ss-T^t) • dt
Equation 3 demonstrates that a rapid increase in VO2  at the onset of work 
(i.e. small half time) would result in a larger V0 2 t at any given time
period and thus reduce the 0^ deficit.
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It is clear that the temporal pattern of VO2  measured at the mouth 
at the onset of exercise In the pony Is a function of not only al­
terations In muscle metabolism but also reflects the cardiovascular, 
hematologic, and ventilatory adjustments to work (Forster et al., 1984). 
The question now becomes, which of these adjustments differ between 
humans and ponies to account for the apparent species differences In VO^ 
kinetics and 0^ deficit? At least several possibilities exist.
It seems likely that the pony's ability to Increase to 0^ transport 
capacity via release of stored erthyrocytes results In a reduction of the 
Og deficit. The pony and several other species store a substantial 
amount of red blood cells (RBC) In the spleen that are mobilized In 
response to exercise or sympathetic stimulation (Boucher et al., 1981; 
Englehardt, 1977; Thomas and Fregin, 1981). In contrast, the spleen in 
humans does not store a significant amount of RBC's and thus cannot 
increase the hemoglobin content of blood during exercise (Ebert and 
Stead, 1941). Data by Forster et al. (1984) and Fan et al. (1984) 
suggest that RBC release In the pony begins within 15s after commencement 
of exercise and may continue over the next 2-3 min. The present data 
support this notion (Figure 4).
The mechanism whereby mobilization of stored RBC's affects the time 
course of VC^ during exercise Is unclear. RBC's stored in the spleen are 
probably not fully oxygenated at the time of their release. At rest, 
mixed venous Hb-C^ saturation Is approximately 55% in the pony and it has 
been speculated that the splenic Hb-t^ saturation also reflects this 
level (Forster et al., 1984). Hence, upon release into the venous 
circulation, these RBC's are fully oxygenated at the lung which would 
result in a measured increase in pulmonary V02. This additional Oj
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uptake across the pulmonary capillaries might account for at least part 
of the overshoot In VO^ seen in Figure 1.
The magnitude of the VOg increase due to RBC mobilization can be 
estimated by computing the increase in blood hemoglobin content during 
exercise. Assuming a blood volume of 12.8 liters for a weight of 191 kg 
pony (Persson et al., 1967), total blood hemoglobin content would in­
crease in the present experiments by approximately 141 and 269 grams at 
the low and moderate work load, respectively. Further assuming that each 
gram of Hb binds 1.34 ml Og at 100% saturation, splenic release of the 
above quantities of Hb at 55% of potential 0^ saturation would result in 
an increase in VO2  of 85 and 162 ml at the low and moderate work rate, 
respectively. These estimated 0^ changes represent 18 and 27% of the 
difference between the mean 0^ deficit and the mean 0^ debt at the low 
and moderate work rates, respectively.
The major factor that probably accounts for the species difference 
in VOg kinetics and deficit is the difference in the kinetics of O 2  
transport at the onset of work (Forster et al., 1984). Data by Pan et 
al. (1984) suggests that at the beginning of treadmill exercise, ponies 
increase their HR and cardiac output to reach 120-130% of steady-state 
within approximately 30-60 s. Figure 5 demonstrates a similar time 
course for HR in the present experiments. In contrast, cardiac output in 
humans at the onset of work follows a much slower temporal pattern with a 
time constant of approximately 45 s (Cerretelli et al., 1966; Davies et 
al., 1972; Linnarsson, 1974). Thus, the combination of an increased 
arterial O 2  content due to mobilization of RBC's and a rapid increase in 
cardiac output in the pony results in a swift increase in O2  delivery to 
working muscles, which could produce less dependence on stored CP and 
anaerobic glycolysis to supply the needed energy for muscular con­
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traction. Therefore, the end result being a rapid Increase in VO^ 
responding to the rise in mitochondrial respiration and thus a short VO^ 
half time and small 0^ deficit.
Another component which may explain a small portion of the species 
difference in 0^ deficit-O^ debt relationship relates to the "overshoot" 
of HR and cardiac output which occurs during the first 30-60 s of exer­
cise. Since changes in HR and cardiac output follow a similar time 
course in the pony (Pan et al., 1984), the change in HR at the onset of 
work can be used to estimate cardiac output kinetics. Figure 5 demon­
strates that HR reaches a peak within 45-60 s of exercise, followed by a 
decrease of 20-30% to steady-state. In contrast, the increase in HR and 
cardiac output upon exercise in humans is monoexponential and thus an 
"overshoot" does not occur (Cerretelli et al., 1966; Davies et al, 1972). 
The cardiac output overshoot in ponies probably contributes in part, to 
the crest in VO^ observed in figure 1. This rapid increase in cardiac 
output must' be accompanied by a proportional increase in venous return
which results in an augmented rate of 0^ transfer across the lung.
> •A final factor which may contribute to the species difference in VO^
kinetics relates to the ventilatory Induced changes in lung storage in 
the pony (Forster et al., 1984). At the onset of exercise, PaO^ in­
creased significantly above rest (i.e., 10-11 torr) during the first min 
(Table 3). Although alveolar 0^ tension (PAO^) was not measured, it 
seems likely that Pa0 2  and PAO^ were similar during this time period. 
Therefore, lung O2  storage would increase and VO2  measured at the mouth 
would increase as a result. The amount of this VO2  increase can be 
estimated via the following computation. The functional residual 
capacity (FRC) of a 191 kg pony is estimated to be approximately 4.8 
liters (Stahl, 1967). Thus, if FRC did not change during work, the
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increase in lung storage would amount to an enlarged VC^ of
approximately 74 ml (increase in ** 4.8 liters FRC X fractional
increase in alveolar (^t i.e. 11/713 torr). This additional lung 0^
subsequently crosses the alveolar-capillary membrane and PaC^ decreases 
back to resting levels (Table 3). It is generally believed that lung 0^ 
storage is not altered in the transition from rest to light exercise in 
humans (Wasserman et al.t 1977).
Figures 2 and 3 demonstrate that both the deficit and 0^ debt
increase as a function of the steady-state exercise VO^ in ponies. For
an increase in deficit or debt to occur, the corresponding VO2  
half-time must be longer. This was indeed observed, particularly for VO2  
kinetics at the onset of exercise (Table 2). Several investigators have
reported that a similar relationship exists in humans; however, the
magnitude of the deficit relative to VO2  differs between the species
(di Prampero et al., 1983; DeMoor, 1954; Linnarsson, 1974).
A final point of interest that emerges from these data is that no 
significant change (P > 0.05) occurs in blood 2-3 DPG concentrations 
(expressed jig/gm Hb) during the transition from rest to exercise in 
ponies. No reports were found in the literature which investigated the 
effects of exercise on blood 2-3 DPG levels in ponies. This finding is 
of interest since it suggests that 2-3 DPG concentrations in splenic 
stored RBC's are not significantly different from 2-3 DPG levels found in 
circulating RBC's.
In summary, these data demonstrate that the O2  debt exceeds the O2  
deficit in ponies during light to moderate exercise. This response 
differs from that reported in humans and thus suggests a species differ­
ence in the deficit/ 0 2  debt relationship. It is postulated that the
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difference In 0^ deficit between man and pony Is related to those vari-
•ables which contribute to a short VO^ half time at the onset of exercise 
In the pony. In particular, this Involves a rapid Increase In cardiac 
output coupled with a release of splenic stored RBC's. Further, both 0^ 
deficit and Og debt increase as a function of steady-state VO^ in the 
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Chapter V
RESPIRATORY GAS EXCHANGE KINETICS IN 
TRANSITION FROM REST OR PRIOR EXERCISE IN PONIES
INTRODUCTION
In humans, it is generally agreed that in the transition from rest 
to submaximal exercise, oxygen uptake (VO^) and carbon dioxide output 
(VCOg) measured via pulmonary gas exchange increase toward steady-state 
in a monoexponential fashion (Henry, 1951; Linnarsson, 1974; Whipp,
1971). Further, there is general agreement that the kinetics of VO^ and 
•
VC02 adaptation are characterized by half-times of approximately 30 and
45 s, respectively. However, controversy exists concerning the rate of
«
• •
V02 and VC02 adaptation in the transition from one work rate to another
higher work rate. Some investigators have reported a faster adaptation 
• •
of both V02 and VC02 when a given work rate was achieved from prior 
exercise as opposed to rest (di Prampero set al., 1970; Davies et al.,
1972), while others have found no change (Diamond et al., 1977), and 
still others report delayed kinetics (Hughson and Morrissey, 1982). 
Additional research to resolve this conflict is warranted.
Recent Interest in the pony as a model to study ventilatory and 
metabolic adaptations to exercise stress has produced several papers 
(Bisgard et al., 1978; Forster et al., 1984; Pan et al., 1983; 1984). 
Forster et al. (1984) have suggested that the rate of change in V02 from 
rest to steady-state exercise in the pony differs from man and is clearly 
not best represented by a simple monoexponential function.
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Unfortunately, these Investigators did not support their claim using a 
mathematical curve fitting technique. To date, little Is known about the 
kinetics of respiratory gas exchange in Equidae at the onset of exercise. 
An understanding of the phenomenology of gas exchange kinetics has 
important implications in the study of control factors of 0^ transport 
and utilization. Therefore, the primary purpose of this study was to 
examine gas exchange kinetics in the pony during the transition from rest 
to exercise and from a low work rate to a moderate work load. A 
secondary purpose of these experiments was to compare the rate of gas 
exchange during the transition from rest to light exercise and from rest 
to moderate exercise.
METHODS
Experimental design and animals; Five healthy Welsh-Shetland mixed 
breed ponies (mean wt 191 ± 32 (SD) KG) were maintained at pasture for 32 
weeks before experimentation with free access to hay and water. To aid 
in reduction of psychophysiologlcal influences associated with the 
experimental protocol, the animals were exposed to the laboratory 
environment approximately twice weekly for 8-weeks prior to any data 
collection. Laboratory exposure included handling by laboratory person­
nel and all facets of the experimental protocol.
• • •To determine the temporal pattern of VO^, VCO^, and during
exercise, each animal was studied on two occasions, separated by 2-5 
day s. Gas exchange and ventilatory measurements were made at rest and 
every 15-s during treadmill exercise. The work loads selected for study 
were: 1) rest to steady-state exercise at 70 m/min (7% grade) and
2) rest to steady-state exercise at 40 m/min (7% grade) followed by an
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abrupt increase in treadmill speed to 70 m/min (7% grade). Animals 
exercised for a total of 4 min during test 1 (i.e. rest to 70 m/min) and 
a total of 8 min during test 2 (i.e. 4 min at each load) (Figure 1). 
These work loads were chosen because they represent light and moderate 
work rates and are below the anaerobic threshold as determined via 
arterial pH (pH ). Further* the step Increment used in these experimentsA
was selected so that the increase in steady-state VO^ from rest to 40 
m/min was comparable to the change in steady-state VOg when going from 40 
m/mln to 70 m/min (i.e. increase of approximately 1.0-1.5 1/min).
Order of treatment was randomly selected and animals were tested at the 
same time of day during each experiment. All studies were conducted at 
least 3.5-4.0 h postprandial and performed under uniform environmental 
conditions: temperature ■ 19-21°C; relative humidity * 53 - 64%;
barometric pressure ■ 761-766 torr.
Data collection: Immediately before each experiment, bipolar
surface electrodes were attached to the pony's chest via an elastic belt 
and connected to a cardiotachometer (model HR/6, EQB, Unionville, PA) to 
measure heart rate (HR) during the experiment. A mask with attached 
non-rebreathing valve was then placed on the pony's muzzle to allow 
measurement of ventilation and gas exchange during the course of the 
experiments. Each exercise bout was preceded by a 15-min rest period 
with an investigator stationed on each side of the animal's head to 
position the animal with the halter, if needed, during work. Metal walls 
on the sides of the treadmill were used to minimize the animal's view 
outside the treadmill which reduced the possibility of outside disturbing 















Figure 1. A schematic of the two experimental protocols used to study 
the temporal pattern of gas exchange in ponies during the transition from 
rest to exercise and during work-to-work transitions.
133
•
Following a 13-min rest period, measurements of V^, breathing
frequency (f), HR, and pulmonary gas exchange were made over a 2-min
period. After collection of the final resting gas sample, the treadmill
motor was started with the desired speed and elevation preselected.
Measurements of V_, f, HR, and gas exchange were made every 15 sb
throughout work and recovery using open-circult spirometry.
Measurement of gas exchange: Inspired ventilation was measured via
a dry gas meter (Ram-9200, Rayfield electronics, Chicago, 1L) fitted with 
a potentiometer. Expired ventilation was channeled from a low resistance 
non-rebreathing valve via 85 cm length of 6.25 cm diameter tubing into a 
9.2 liter mixing chamber. Dead space of the mask and attached breathing 
valve was approximately 350 ml. Resistance on the inspired side of the 
valve (including tubing and dry gas meter) at a flow of 7 1/s was 1.1 cm 
8~* while resistance on the expired side of the valve at flows of 
7 l/s was 0.4 cm HgO'l”* s”*.
Gas was sampled from the exit port of the mixing chamber at a rate 
of 300 ml/min by an Applied Electrochemistry S-3A Oj analyzer and an 
Applied Electrochemistry CD-3 CO2  analyzer'(Pittsburgh, PA). Electrical 
signals from the gas analyzers and dry gas meter underwent analog to 
digital conversion and were sent to a Rockwell Aim-65 microcomputer for 
processing which provided a hard copy of all calculated variables (i.e. 
oxygen uptake, carbon dioxide output, etc.). When performing calcu­
lations of gas exchange variables, it was necessary to introduce a time 
delay to account for the washout characteristics of the mixing chamber 
and the response time of the gas analyzers. This technique has been shown 
to provide accurate measures of gas exchange in both humans and large 
animals (Powers, 1985).
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«Statistical analysis. To characterize the kinetic behavior of VC^, 
• •VCO^! Vgt and HR precisely in each condition, the response for each 
animal was fit by a least squares gradient algorithm (Daniel and Wood, 
1980) to four competing functions:
(1) f(x) - aCl-e’V )  - (ae“k2t)
(2) f(x) - a(l-e"kt)
(3) f(x) « a(l-e-klt) + b(l-e’"k2t)
(4) f(x) - ad-e’V )  + b(l-e”k2t)-(be"k3t)
* • * •where f(x) may be the Increase in V02, VCX^* HR, or above resting
level at time t; a and b are computed parameters that represent changes
in amplitude; k^, k 2 » and k^ represent rate constants, and t is time 
expressed in s.
The kinetic parameter chosen for comparison was the half-time
required for each measured variable to reach steady-state. . Half-times
were computed for each of the following transitions: 1) rest to 40
m/min, 2) rest to 70 m/min, and 3) 40 m/mln to 70 m/min. Analysis of 
variance techniques were used to compare the half-times between tests, 
and a Newman-Keuls test used to determine' significant differences with 
the critical F value set at 0.05 (Hays, 1973).
RESULTS
Tables 1-4 contain the individual values for proportion of total 
variance accounted for by each model and sums of squares for residuals
for the model fit during the rest to 70 m/min experiment. This experi­
ment was chosen to be used as an example since adequacy of model fits 
were comparable in each of the experimental conditions.
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Models 1 and 2 yielded the lower (P < 0.05) residual sums of squares
for VCOgi and HR when compared to models 3 and 4 (Tables 1-4). In
contrast, no significant difference (P > 0.05) existed between the
residual sums of squares for models 1 and 2 for these variables.
Further, models 1, 2, and 4 resulted In similar sums of squares (P >
0.05) for V_; however, models 1, 2, and 4 each had lower (P < 0.05) sums E
of squares than model 3. Thus, In general, these data suggest that a 
monoexponential function (model 2) provides an adequate fit for 
ventilatory and gas exchange data during non-steady-state exercise In the
pony. Support for the notion that model 2 provides adequate good-
ness-of-flt can be visualized In Figures 2-5. Animal 2 was chosen as a 
representative example because the sums of squares for.this animal were 
similar to or slightly greater than the mean sums of squares (N ■= 5) for 
the four physiological parameters.
• • •
Figures 6-9 present the mean changes In VC^, VCC>2 * Vg, and HR
respectively, during the three exercise conditions. As the Imposed
square-wave forcing function of work rate was chosen below each animal's
• • •anaerobic threshold, the ensuing steady-states of VC^, VCC^, Vg, and HR
were reached within the 4-min duration of exercise. The characteristics
of the corresponding dynamic responses, however, differed between 
• • •VCC^, Vg, and HR. For example, both VO2  and HR increased abruptly upon 
exercise, followed by a slower rise to a zenith within 45-60 s and then 
decreased slightly to reach a steady-state by 180 s. Similarly, VCO2  and 
Vg increased quickly following the commencement of work, but then 
developed exponentially to reach steady-state within 180 s.
Half-times for VCX^, Vg, and HR for all experimental conditions
are contained in Table 5. No significant differences (P > 0.05) in V_. orE
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Table 1. Non-linear least squares summary for justification of goodness 
of fit of four models used to determine oxygen uptake kinetics during the 
transition from rest to constant load exercise (70 m/min-7% grade).
■ model 1 model. 2 model 3 model. 4
pony # SSR PTV SSR PTV SSR PTV SSR PTV
1 1.54 .987 1.54 .980 0.56 .995 0.52 .995
2 1.01 .993 1.02 .992 1.10 .993 1.65 .990
3 0.80 .987 0.85 .985 1.11 .982 0.72 .988
4 0.34 .998 0.42 .998 1.21 .994 0.66 .997
5 0.97 .992 0.97 .991 1.65 .987 2.03 . .984
X 0.93 .991 0.96 .989 1.13 .990 1.12 .991
±SEM 0.19 .003 0.18 .003 0.17 .003 0.30 .003
SSR- Sum of squares for residuals.
PTV- Proportion of total variance accounted for by the model where PTV ■ 
sum of squares regression/sum of squares total.
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Table 2. Non-linear least squares summary for justification of goodness 
of fit of the four models used to determine respiratory carbon dioxide 



















1 0.63 .992 0.64 .991 0.57 .993 0.57 .993
2 1.12 .990 1.11 .990 1.63 .986 1.62 .986
3 0.46 .993 0.46 .992 0.57 .992 0.57 .992
4 0.55 .996 0.55 .998 1.10 .993 1.10 .993
5 1.07 .992 1.06 .991 2.31 .984 2.30 .984
X 0.77 .993 0.76 .992 1.24 .990 1.23 .990
+SEM 0.1A .003 0.13 .003 0.23 .003 0.23 .003
SSR-Sum of squares for residuals.
PTV-Proportion of total variance accounted for by the model where 
PTV ■ sum of squares regression/sum of squares total.
138
Table 3. Non-linear least squares summary for justification of goodness 
of fit of the four models used to determine expired ventilation kinetics 



















1 4358 .997 4358 .992 4626 .991 2827 .995
2 1511 .993 1511 .993 4425 .993 2426 .989
3 1559 .993 1559 .992 3069 .991 3159 .986
4 883 .997 833 .997 3062 .993 452 . .998
5 4247 .992 4247 .988 5763 .979 963 .998
X 2502 .994 2502 .994 4189 .989 1965 .993
±SEM 746 .003 747 .003 512 .003 532 .002
SSR-Sum of squares for residuals.
PTV-Proportion of total variance accounted for by the model where 
PTV » sum of squares regression/sum of squares total.
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Table 4. Non-linear least squares summary for justification of goodness 
of fit of the four models used to determine heart rate kinetics during 
the transition from rest to constant load exercise (70 m/min-7% grade).
model. 1 model 2 model 3 model. 4
pony # SSR PTV SSR PTV SSR PTV SSR PTV
1 794 .983 793 .975 395 .992 370 .992
2 293 .996 243 .996 266 .996 263 .996
3 276 .993 271 .990 235 .994 1182 .971
4 125 .998 125 .997 290 .996 253 .996
5 325 .996 325 .995 1679 .978 5267 ' .931
X 353 .993 351 .991 573 .991 1467 .977
±SEM 115 .003 115 .003 278 .003 965 .012
SSR-Sum of squares for residuals
PTV-Proportlon of total variance accounted for by the model where 
PTV ® sum of squares regression/sum of squares total.
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HR half-times existed between condition. Further* although the 
half-times for the adjustment of VCO^ during the transition from rest to 
70 m/min tended to be higher than those recorded for the rest to 40 m/min 
and work-to-work treatment, the differences were not significant (P > 
0.05). Additionally, no significant difference (P > 0.05) existed 
between the work-to-work transition VCOg half-time and the rest to 40 
m/min VCO2  half-time.
The half-time for VO^ in the transition from rest to 70 m/min was 
significantly longer (P < 0.05) than the calculated half-times for the 
two other experimental conditions. In contrast, no significant differ- 
ence (P > 0.05) existed between V0^ half-times for the rest to 40-m/min 
and work-to-work treatments.
Discussion
Critique of models. Model comparisons were made by contrasting the 
residual sums of squares, which provides an index of the error between 
the actual data points and the calculated mathematical function. 
Although model 1 yielded the lowest residual sum of squares for VO^ 
during the transition from rest to work when compared to models 2-4, the 
goodness of fit of model 1 to the data was not statistically superior (P
> 0.05) to model 2. Therefore, model 2 would seem to be the function of
choice to describe VO^ kinetics in the pony based on the predilection 
towards accepting the simplest explanation for observed phenomenon. 
Similarly, models 1 and 2 resulted in the lower residual sums of squares 
when compared to models 3 and 4 for VCO^ and HR data. No significant 
difference (P > 0.05) existed between models 1 and 2 in the goodness of
fit to either VCO^ or HR data. Further, models 1, 2, and 4 were found
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Figure 2. An illustration of the goodness of fit of model 2 to 
oxygen uptake (V0„) data during the transition from rest-to- 
exercise. The solid line indicates the model predicted 
pattern of V0„ during exercise whereas (x) represents individual 














Figure 3. An illustration,of the goodness of fit of model 2 
to carbon dioxide output (VCO-) data during the transition 
from rest-to-exercise. The solid line indicates the model 
predicted pattern of VCO2  during exercise whereas (x) 
represents individual measurements for animal #2. Exercise 
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X  ANIMAL 2
TIME (MIN)
Figure 4. An illustration of the goodness of fit of model 2 
to ventilatory data (V_) during the transition from rest-to- 
exercise. The solid line indicates the model predicted 
pattern of during the rest-to-work transition whereas (x) 
represents individual measurements for animal #2. Exercise work 


















Figure 5. An illustration of the goodness of fit of model 2 
to heart rate (HR) data during the transition from rest-to- 
exercise. The solid line indicates the model predicted 
pattern of HR during exercise whereas (x) represents individual 
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9
Figure 6. Temporal pattern of oxygen uptake (V02) during treadmill 
exercise in.the two experimental protocols. The graph on the left 
represents V02 changes during the transition from rest to steady- 
state exercise at 7% grade-70 m/min. The graph on the right 
represents the change in V02 during the transition from rest to
steady-state exercise at 7% grade-40 m/min and during the work-to- ►-
































Figure 7. Changes in expired carbon dioxide (VCO^) during treadmill 
exercise in the pony. The graph on the left represents VCt^ changes 
in the transition from rest to steady-state exercise at 7% grade-70 
m/min. The figure on the right represents the change in VCO2  in the 
transition from rest to steady-state exercise at 7% grade-40 m/min
and during the work-to-work transition (i.e. 7% grade-40 m/min to £


































Figure 8. Temporal pattern of expired ventilation (V^) during 
treadmill exercise in ponies. The figure on the left represents 
the change in during the transition from rest to steady-state 
exercise at 7%.grade-70 m/min. The graph on the right represents
the change in Vg during the transition from rest to steady-state >-
exercise at 7% grade-40 m/min and during the work-to-work 








Table 5. Half-times for oxygen uptake (V02)» expired carbon dioxide 
(VCO_), expired ventilation (V ), and heart rate (HR) during the transi­
tion from rest to exercise and in the transition from one level of 
exercise to a higher level. Values are means ± SEM expressed in seconds.
Transition Period
Variable rest-40 m/min* 40-70 m/min^ 3rest-70 m/min
CM
o 
• > 7.7 ± 1.6 6.4 ± 1.0 a 13.5 ± 1.8 b
vco2 9.6 ± 2.3 7.4 ± 2.0 13.1 ± 1.6
6.8 ± 0.9 12.8 ± 3.0 10.1 1+ •
HR 4.5 ± 1.3 5.3 ± 0.7 8.3 -a-H+i
a-statistically different (P < 0.05) from rest-70 m/min. 
b-statistically different (P < 0.05) from rest-40 m/min and 40-70 m/min.
^Transition period is from rest to steady-state treadmill exercise at 7% 
grade-40 meters/min.
2Transition period is from steady-state treadmill exercise at 7% grade-40 
meters/min to steady-state exercise at 7% grade-70 meters/min.
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Figure 9. Heart rate (HR) kinetics during treadmill exercise in 
ponies. The figure on the left represents the change in HR during 
the transition from rest to steady-state exercise at IX grade- 70
m/min. The graph on the right represents the change in HR from £
rest to 7% grade-40 m/min and during the work-to-work transition 










superior to model 3 for V_ data; however, no significant difference (P >£
0.05) existed between the sums of squares for models 1, 2, and 4 for V_£
data. Again, the monoexponential function (model 2) would appear to be
• •the model of choice for simplicity for VC0„, V_, and HR./ £
The finding that gas exchange kinetics can be adequately described
by a monoexponential function is in opposition to the suggestion by
Forster et al. (1984) that VC^ kinetics at the onset of exercise in the
pony is not best represented by a monoexponential model. However, two
points of interpretive caution need to be raised. First, the work rates
used by Forster et al. (1984) to study gas exchange in ponlrs were higher
than those employed in the present experiments. Therefore, the
possibility exists that high work rates may elicit a slightly different 
•
VC> 2 pattern than that observed during the light work rates used in the
present experiments. Second, the inability to measure gas exchange on a
breath-by-breath basis limits resolution and thus may allow a rapid
"early" phase of gas exchange at the onset of exercise to go unnoticed.
• •
Whipp et al. (1982) have argued that an early phase of Vt^, VC02, and Vg 
at the onset of work is clearly distinguishable from the subsequent 
pattern of gas exchange when examined breath-by-breath. To date, 
breath-by-breath measurements have not been performed during exercise in 
ponies. This presents an interesting challenge for future work.
V0„ kinetics. Oxygen uptake across the alveolocapillary membrane is1  ̂T “■ 1 ■
dictated in large part by the amount of reduced hemoglobin flowing 
through the lungs and by its degree of reduction (Whipp et al., 1982). 
Therefore, following an abrupt increase in work rate, a change in venous 
O2  content and oxygen partial pressure from the contracting muscles will
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not Influence pulmonary gas exchange for the period of transit delay to
the lungs. Thus, the Initial Increase In VOg observed during the rest-
to-work or work-to-work transition probably reflects an Increased
pulmonary blood flow resulting from the exercise Induced Increase In
cardiac output (Auchlncloss et al., 1966; Llnnarsson, 1974; Vasserman et
al., 1974). Whipp et al. (1982) have called this first phase of gas
exchange "cardiodynamic". However, when mixed venous levels subse-
• «*quently change, a further increase In VO^ would be expected (Weissman et 
al., 1982; Whipp and Mahler, 1980) and thus may account for the "second" 
portion of the rise in VOg toward steady-state. Hence, It seems likely 
that the kinetics of pulmonary oxygen uptake at the onset of muscular 
exercise cannot be directly related to events occurring in the working 
muscle.
The present data demonstrate that the rate of adaptation of VO^ in 
the transition from rest-to-work and from work-to-work are not signifi­
cantly different (F > 0.05), provided that the metabolic increments are 
similar. This finding is in agreement with work using human subjects by 
Diamond et al. (1977) but disagrees with published data by di Prampero et 
al. (1970) and Davies et al. (1972). The reasons for the apparent
discrepancy are not completely clear. However, dl Prampero et al. (1970) 
and Davies et al. (1972) did not employ computer fitting of functions to 
their data and determined the half-times using plotting procedures. 
Thus, some error could be introduced in the analysis of gas exchange
kinetics using these techniques. The difference could be species related 
as well.
The half-times for HR and VO^ at the onset of exercise in the pony
are appreciably faster than those reported for man (Diamond et al., 1977;
Powers et al., 1985; Hughson, 1984). As mentioned previously, it seems
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likely that the half-time of oxygen uptake in the pony during light 
exercise is influenced by the rapid "cardiodynamic" phase of gas exchange 
and therefore is not totally reflective of intramuscular events. Thus, 
in the transition from one work rate to another, no great change in the 
rate of VO^ kinetics would be expected. This appeared to be the case in 
the present experiments. Similar conclusions have been reached using 
human subjects (Diamond et al., 1977).
Finally, the findings that the half-time of the VC^ response 
Increases as the work rate increases is in agreement with work by Whipp 
and Wasserman (1972) and Hagberg et al. (1978). The relatively slower 
rate of VOg adjustment seems reasonable in view of the fact that the 
cardiodynamic phase of gas exchange would likely contribute a smaller 
portion of the total VOg half-time during moderate exercise when compared 
to light work. In addition, Hagberg et al. (1978) have argued that 
higher work rates require greater changes in circulatory, respiratory, 
and metabolic adaptations and therefore are likely to produce longer VOg 
half-times even when measured via respiratory gas exchange.
VCCL kinetics. The half-times for carbon dioxide kinetics reported 
in Table 5 for ponies are appreciably shorter than the average VCO^ 
half-time reported for humans (i.e. human VCO^ half-time « 45 s; Diamond 
et al., 1977). This difference is likely due to a more rapid increase in 
cardiac output and ventilation at the onset of exercise in ponies when 
compared to humans (Pan et al., 1983; Pan et al., 1984; Forster et al., 
1984). In the present experiments, considerably more interindividual 
variability in VCO^ kinetics existed than in VO^ kinetics (Table 5). 
Similar findings have been reported in humans (Diamond et al., 1977; 
Whipp et al., 1982; Hughson and Morrissey, 1982). Although carbon
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dioxide kinetics were not significantly different (P > 0.05) between 
treatments, the half-times tended to be lower in the work-to-work 
transition when compared to both rest-to-work transitions. A possible 
explanation for this trend may be related not to an actual change in the 
kinetics of muscle carbon dioxide production, but to the reduced capacity 
of the body to store carbon dioxide at an elevated tissue carbon dioxide 
tension (Jones and Jurkowski, 1979). This would lead to a greater 
excretion of carbon dioxide for a constant increment of carbon dioxide 
production (Hughson and Morrissey, 1982).
Summary. These data suggest that a monoexponential function is
• i •adequate to describe the . rate of change of VC^, VCO^, Vg and HR during
the transition from rest to light exercise in the pony. The kinetic 
• •responses of VCC^, Vg, and HR were unaffected by exercise intensity or
whether the transition was made from rest or from prior exercise.
Further, with similar metabolic increments, the rate of VOg adaptation
from rest to exercise was not significantly different (P > 0.05) from the 
•
VO. time course during the transition from one work rate to a higher work 
rate. In contrast, the VO^ half-times were significantly greater (P < 
0.05) in the transition from rest to 70 m/min when compared to a rest to 
40 m/min transition. It is hypothesized that the half-time of in the 
pony during light exercise is principally influenced by the cardiodynamic 
phase of gas exchange and thus does not reflect oxygen uptake by the 
muscle. Therefore, the finding that V0^ kinetics differs as a function 
of work rate should not be Interpreted as a direct indication of 
differences in the rate of muscle metabolism.
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